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Abstract: This study aimed to explore how changes in intestinal floras caused by Bacillus subtilis (Bs) inhibited 
occurrence of ulcerative colitis (UC) and associated cancers. Bs was used as an intervention in an azoxymethane 
(AOM)/dextran sodium sulfate sodium (DSS) animal model. Stool specimens were analyzed for changes in intestinal 
floras. Disease activity index (DAI) scores, body mass indices, cancer counts, and other indices were calculated, 
while changes in the colon mucosa were observed. Compared with AOM/DSS group, carcinogenesis significantly 
reduced and intestinal inflammations and DAI score alleviated; diversity, evenness, and number of species of floras 
significantly increased; and relative abundances of Rikenellaceae and Lactobacillus increased when UC developed 
into cancers in the AOM/DSS + Bs group. Colon epitheliums in the mice were severely damaged in the AOM/DSS 
group, while mucosae were repaired in the AOM/DSS + Bs group. The mRNA expression levels of IL-6 and IL-17a 
were lower while those of IL-10 and TGF-β1 were higher, and the expression level of Ki-67 decreased while that of 
caspase 3 increased in the AOM/DSS + Bs group. Bs intervention could alter the structure of intestinal floras, repair 
the mucosal barrier, adjust immunity, and reduce the incidence of cancer in the AOM/DSS animal model.
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Introduction

Worldwide, approximately 1.2 million people 
are diagnosed with colorectal cancer (CRC) 
each year [1]. In developed countries, CRC 
ranks as the third most commonly found can-
cers in males and the second in females. At 
present, pathogeneses of CRC are complicated 
and the associated mechanisms are still 
unknown, but evidence from a number of basic 
and clinical studies has proved that inflamma-
tion is one of the contributors of colon cancer 
[2]. Patients with inflammatory bowel disease 
(IBD) have been reported to have an increased 
risk of colon cancer [3, 4]. Although specific 
mechanisms of how chronic inflammations pro-
mote the carcinogenesis have been inade-
quately studied, researchers believe that long-
term exposure to the chronic inflammatory 
environment and cycles of repetitive damages 
and repairs contribute to the carcinogenesis of 
colon epithelial cells [5, 6].

The occurrence of colitis-associated cancer is 
correlated with heavy exposure to the bacterial 
environment, while microbe flora is considered 
as an important factor in the process when 
inflammation develops into cancer [7, 8]. About 
1000 types of bacteria are present in the floras 
of human digestive tract, and the total bacterial 
number is more than 1014, which is 10 times as 
many as the total count of human cells [9]. 
Changes in the intestinal floras, that is, intesti-
nal dysbacteriosis, are believed to promote the 
disease progression of IBD and possibly facili-
tate its development into CRC [10, 11]. Liang et 
al. [12] utilized an azoxymethane (AOM)/dex-
tran sodium sulfate sodium (DSS) model of 
colon cancer and analyzed the floral changes in 
the mouse stools at different pathological 
phases via the high-throughput sequencing of 
16S rRNA gene. They found that the microbial 
community structure significantly changed by 
chronic inflammation, with increased relative 
abundances of Streptococcus luteciae, Lacto- 
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bacillus hamster, Bacteroides uniformis, and B. 
ovatus during the cancer phase. A team led by 
Ahn analyzed the alterations in stool floras be- 
tween the patients with colon cancer and the 
normal control subjects, demonstrating that 
the diversity in the colon cancer group reduced 
while the relative abundances of Fusobacterium 
and Porphyromonas increased [13].

Some reports in recent years claimed that pro-
biotics might alleviate inflammations, relieving 
the clinical symptoms of the patients with IBD 
[14] and probably contributing to the preven-
tion of colon cancer. Bolognani et al. intervened 
the colon cancer model with Bifidobacterium 
longum, L. acidophilus, and L. casei and found 
that the aberrant crypt foci in the high-dose 
group were significantly reduced while those in 
the low-dose group remained unchanged [15]. 
However, some other studies believed that pro-
biotics could not inhibit the occurrence of coli-
tis-associated colon cancer (CAC) [16], which 
might be correlated with the fact that probiotics 
act before the carcinogenesis and they have a 
little inhibitory impact on established cancer.

Probiotics may inhibit the occurrence of CAC 
but the specific mechanisms are unknown; 
however, this inhibitory effect may be correlat-
ed with the changes in intestinal floras. There 
existing animal studies [17] found that bacillus 
subtilis can inhibit DSS related mice colon 
inflammation, may be related to repair bowel 
way glues the film, increase the expression of 
protein involved in the intestinal mucosa barri-
er, or inhibit releasing of inflammatory cyto-
kines. And Hui-lu Zhang [18] and others argue 
that the change of the flora, the balance of ben-
eficial bacteria and harmful bacteria play a role 
in inhibiting or promoting inflammation, but if 
the bacillus subtilis may effect correlation of 
inflammation tumors and possible mechanism 
is not clear. An AOM/DSS model of colon can-
cer was established, and Bacillus subtilis (Bs) 
was used as an intervention in this study to 
explore how the changes of intestinal floras 
caused by Bs inhibited the occurrence of ulcer-
ative colitis (UC) and the associated cancers.

Materials and methods

Ethics statement

All animal experiments were approved by the 
Committee for Laboratory Animal Management 
of Central South University and conducted in 
accordance with the Chinese Institutes of He- 
alth guidelines on the ethical use of animals.

Male ICR mice between 6 and 8 weeks of age 
were used for this study. The mice were kept in 
autoclaved cages and given sterile food and 
water. A murine model of chronic CAC was 
employed based on the previous methods [19]. 
The mice were divided into four groups, which 
received different treatments. The mice in 
AOM/DSS + Bs and AOM/DSS groups were 
given an intraperitoneal injection of AOM (10-
mg/kg body weight). They received 2% DSS 
(molecular weight, 36-50 kDa; Sigma, Ger- 
many) in their drinking water for 7 days, 1 week 
after the injection. Then, they received normal 
drinking water for 2 weeks. The mice received 
another two cycles of sterile (1.5% DSS) drink-
ing water. The AOM/DSS + Bs and AOM/DSS 
groups received sterile water before being 
euthanized at 12 weeks. The mice in the Control 
and Control + Bs groups received sterile water 
before being euthanized. On the day of the first 
AOM injection, the AOM/DSS + Bs and Control 
+ Bs groups of mice were orally administered 
Bs probiotic (R0179) 109 CFU per animal each 
day until the end of the experiment. The mice  
of AOM/DSS and Control groups were orally 
administered sterile water. After euthanization, 
the colon tissues of the mice were harvested. 
The tissues were washed with sterile phos-
phate-buffered saline to collect fecal contents. 
The colon tissues were fixed in 4% paraformal-
dehyde for pathological evaluation and IHC.

Transmission electron microscopy

Colonic segments were prepared for transmis-
sion electron microscopy to observe the ultra-
structural changes in TJs. Colon tissues with a 
size of 1 × 1 × 3 cm3 were fixed in 2.5% glutar-
aldehyde (with phosphate buffer), rinsed with 
phosphoric acid, dehydrated with acetone, 
immersed, embedded, and cured before being 
cut into slices (50-100 nm) using an ultratome. 
Then, after staining with 3% uranyl nitrate and 
lead acetate, the sections were observed and 
photographed under the Hitachi H7700 trans-
mission electron microscope.

Western blotting and IHC

ZO-1 (GeneTex, USA), occludin (Abcam, USA), 
anti-glyceraldehyde 3-phosphate dehydrogena- 
se, (anti-GAPDH) (Proteintech, Wuhan, China), 
CD4+ (Proteintech, Wuhan, China), Ki-67 (Elab, 
Wuhan, China), and caspase-3 (Boster, Wuhan, 
China) were used in Western blotting and IHC. 
After centrifugation at 20,000 g for 15 min,  
50 mg of the supernatants were separated by 
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sodium dodecyl sulfate-polyacrylamide gel ele- 
ctrophoresis and transferred onto nitrocellu-
lose membranes (Hyclone Laboratories). The 
membranes were blocked with 5% nonfat milk 
in Tris-buffered saline/Tween 20 (25 mM Tris-
HCl, 150 mM NaCl, pH 7.5, and 0.05% Tween 
20) and probed with primary antibody overnight 
at 4°C. After washing with Tris-buffered saline/
Tween 20, the membranes were incubated with 
horseradish peroxidase-conjugated secondary 
antibodies (Santa Cruz Biotechnology) and 
visualized using the enhanced chemilumines-
cence detection system.

A secondary antibody was diluted at 1:100 and 
applied for 2 h at room temperature. The Ve- 
ctastain ABC Elite System (Vector Laborato- 
ries, CA, USA) was used to visualize staining for 
IHC. The immunostained slides were observed 
under a microscope. Images were taken using 
a digital camera, and semi-quantity of the sig-
nal was analyzed by counting mean density of 
the immunoreactivities against all primary anti-
bodies. Brown or yellow was regarded as a po- 
sitive signal. Image data were analyzed with 
NIS-Elements AR 3.0 software (Nikon, Japan). 
Apoptosis and proliferation indices were gener-
ated by counting the number of positive cells 
per high-power field (406 objective) within each 
mouse.

Quantitative real-time PCR

cDNA was synthesized from 2 μg of total RNA 
by means of a reverse transcription kit (Fer- 
mentas, MD, USA). Mouse GAPDH was ampli-
fied in parallel as an internal control. The ex- 
pression of the mRNAs was evaluated using 
SYBR green qRT-PCR (TaKaRa, Otsu, Japan) in 
accordance with the standard protocol. The 
expression of each gene was quantified by 
measuring cycle threshold (Ct) values and nor-
malized using the 2-ΔΔCt method relative to 
GAPDH mRNA.

16S rRNA gene library construction and se-
quencing

DNA extraction and detection: Stool DNA extra- 
ction was performed with fecal genomic DNA 
extraction kit. The extracted DNA was subject-
ed to agarose gel electrophoresis, and its qual-
ity and quantity were determined by detecting 
the optical density (OD) at 260 and 280 nm. 
The OD 260/280 was 1.8-2.0, the DNA concen-
tration was ≥ 5 ng/μL, and the DNA content 
was ≥ 150 ng.

16S rRNA next-generation sequencing: The 
16S ribosomal RNA (rRNA) gene was analyzed 
to evaluate the bacterial diversity by using 
Illumina Miseq (Novogene Bioinformatics Te- 
chnology Co., Ltd, beijing, China).

Amplification of variable V4 region of 16S rRNA: 
The variable V4 region was amplified with Ph- 
usion® High-Fidelity PCR Master Mix with GC 
Buffer (New England Biolabs) and efficient and 
high-fidelity enzymes. The diluted DNA served 
as a template, and 515F-806R primers with 
Barcode were used for PCR.

Purification of PCR products: After PCR, 30 ng 
of products were mixed and subjected to purifi-
cation by 2% agarose gel electrophoresis. The 
target band was retrieved with corresponding 
kit (Qiagen). Qubit was used to determine the 
concentration of PCR products which were 
mixed on the basis of their concentration.

Construction of library and sequencing: The 
library was constructed with TruSeq® DNA 
PCR-Free Sample Preparation Kit and quanti-
fied by Qubit and Q-PCR. After quantification of 
the library, HiSeq2500 PE250 was used for 
sequencing of PCR products of 16SrDNA with 
dual-end sequencing method.

Pre-processing of data after sequencing: Af- 
ter sequencing, data related to Barcode and 
primer sequences were removed, and FLASH 
(V1.2.7) was used to connect the reads of each 
sample. Clean Tags with high quality were 
obtained after filtration. The above procedures 
were done according to the Tages quality con-
trol flow chart of Qiime (V1.7.0). The Tags se- 
quences were compared with Gold database 
via UCHIME Algorithm to detect the Chimeric 
sequences. Then, the effective Tags were ob- 
tained after removing the Chimeric sequences.

Determination of operational taxonomic units 
and species noting

Uparse software (Uparse v7.0.1001) was used 
for the clustering of effective Tags of all the 
samples. The effective Tags with 97% identity 
were clustered into Operational Taxonomic 
Units (OTUs). Then, the representative species 
of OTUs were noted, and RDP Classifier (Vers- 
ion 2.2) and GreenGene database were used 
for the analysis of species notes (threshold: 
0.8-1).
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Analysis of alpha diversity

Data from each sample were homogenized with 
cut-off value at 40167. The resultant data after 
homogenization were used in following analy-
ses. Qiime software (Version 1.7.0) was used to 
calculate Observed-species, Chao1, Shannon 
and index. R software (Version 2.15.3) was 
used to delineate dilution curve and compare 
the alpha diversity with Wilcox test among 
groups.

Analysis of beta diversity

Qiime software (Version 1.7.0) was used to cal-
culate the Unifrac distance and construct the 
phylogenetic tree of UPGMA samples. The dis-
similarity (unweighted Unifrac) between two 
communities in the phylogenetic tree was 
determined based on the fraction of branch 
length shared by both communities. The ade4 
package and ggplot2 package for R was used 
for PCA. WGCNA, stats and ggplot2 packages 
for R were used for PCoA. R was used to com-
pare the beta diversity among groups with 
Wilcox test.

Statistical analysis

The differential species were analyzed accord-
ing to the abundance of species in samples. 
The multiple hypothesis testing and false dis-
covery rate of rare frequency data were ana-
lyzed to evaluate the differences between spe-
cies. The other data were analyzed using the 

GraphPad Prism 5 software (CA, USA) and 
expressed as mean ± standard error of mean. 
The differences in parametric data were evalu-
ated by Student two-tailed unpaired t test. 
Differences with P < 0.05 were considered sta-
tistically significant.

Results

Bs protected against tumorigenesis in the 
AOM/DSS model of CAC

The Institube of Cancer Research (ICR) male 
mice were conventionalized with specific-pa- 
thogen-free (SPF) and acclimatized to rodent 
diet and water for 1 week to investigate the 
impact of probiotic intervention on the develop-
ment of CAC. After the acclimation, the mice in 
the AOM/DSS + Bs and AOM/DSS groups were 
given an intraperitoneal injection of AOM (10 
mg/kg body weight), at which point daily oral 
administration of Bs [109 CFU/(animal × day)] 
was begun (Figure 1).

Three obvious peaks appeared in the weight 
variations in mice from both the AOM/DSS and 
AOM/DSS + Bs groups and distributed in the 
three cycles of DSS feeding, while a more sig-
nificant decrease was observed in the weights 
of mice of the AOM/DSS group (Figure 2A). 
Three corresponding peaks also appeared in 
the disease activity index (DAI) scores, indicat-
ing that a severe intestinal inflammation degree 
was observed in the mice in the AOM/DSS dur-
ing the inflammation and dysplasia phases, 

Figure 1. Experimental timeline for AOM/DSS model with Bs interventional administration. Germ-free ICR mice 
were transferred to SPF conditions. Tumorigenesis was initiated with 1-week injections of AOM (10 mg/kg), and Bs 
was orally administered [109 CFU/(mouse × day)] to mice daily throughout the remainder of the experiment. After 
2, 4, and 12 weeks, the mice were sacrificed and tissues were harvested for the assessment of inflammation and 
tumorigenesis.
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while a significantly higher DAI score was found 
in the AOM/DSS group compared with the 
AOM/DSS + Bs group and in the negative con-
trol group of Control + Bs compared with the 
blank control group. The latter results were cor-
related with the phenomenon that some of the 

mice experienced diarrhea in the Control + Bs 
group late during the experiment (Figure 2B). 
The carcinogenesis rate was significantly lower 
in the mice of the AOM/DSS + Bs group com-
pared with the mice of the AOM/DSS group 
(Figure 2C), while the gross findings (Figure 2D) 

Figure 2. DAI gross score, body weight (BW), tumor occurrence, and histological examination. A. BW was assessed 
daily and expressed as a percentage of basal BW in each group. B. DAI, consisting of weight loss, stool consistency, 
and occult blood test (OB), was measured daily. Data were expressed as mean ± standard deviation. C. Calculation 
of the tumor number between the AOM/DSS and AOM/DSS + Bs groups. D. Morphologic alterations of the colon. E. 
Representative image of hematoxylin-eosin H&E.-stained section of distal colon (200 ×) (WT, WT + Bs, AOM/DSS, 
and AOM/DSS + Bs; ■P < 0.05, **P < 0.01).
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showed significant differences between the 
two groups, in terms of both cancer amount 
and cancer size. Pathological results showed 
adenomatoid changes in mice of both the 
groups during the cancer phase, while a signifi-
cantly less severe intestinal inflammation de- 
gree was seen in the mice of the AOM/DSS + 
Bs group compared with those of the AOM/DSS 
group (Figure 2E). Generally speaking, Bs inter-
vention could reduce the carcinogenesis rate in 
the mice under the AOM/DSS model of CAC.

Stool specimens from the mice of both the 
AOM/DSS and AOM/DSS + Bs groups were col-
lected at different pathological phases for the 
high-throughput sequencing of 16S rRNA, with 
a mean sequencing number of 48391 for each 
specimen. Effective tags of all the specimens 
were clustered, and the sequences were then 
further clustered into operational taxonomic 
units (OTUs) with an identity of 97%.

The rarefaction curve was analyzed for alpha 
diversity analysis, which directly reflected the 
rationality of sequencing data, and indirectly 
reflected the abundance of species in the sam-
ple (Figure S1). The mean sequencing number 
in this study was 48391, a number located at a 
point where the curve was already flat and 
smooth; therefore, fewer new species would 
appear even if the sequencing number contin-
ued to increase. Moreover, the rank abundance 
curve was also analyzed, which reflected the 
richness and evenness of the species (Figure 
S2). The curves of most specimens were flat 
and smooth, reaching the platform phase with 
an Operational Taxonomic Unit (OUT) richness 
of or less than 0.2 × 10-4, indicating rational 
richness and evenness in the internal species 
of the sample. No alterations were found in the 
flora richness after intervention with AOM/DSS 
or probiotics, but the Chaos1 index (Figure 3C) 
showed that the declines in flora diversity  
and balance were the most significant in the 
AOM/DSS group, while slight differences were 
observed between the AOM/DSS + Bs and 
Control groups.

The principal component analysis (PCA) was 
conducted for beta diversity analysis. Figure 
3D indicates that greatest distances among 
specimens in the AOM/DSS group and distanc-
es among different subjects in the AOM/DSS + 
Bs group decreased, but they were still greater 
than those in the control group, indicating that 

the internal individual difference in the AOM/
DSS group was the greatest. In beta diversity 
analysis for the intergroup difference, box 
graphs based on the unweighted UniFrac beta 
diversity (Figure 3E) showed the highest value 
in the AOM/DSS group, indicating the greatest 
difference in the specimen flora communities 
of this group.

The taxonomic structure of the mouse fecal 
samples was shown at the phylum and genus 
levels. In all groups in different stages, Firmi- 
cutes and Bacteroidetes were the most abun-
dant bacterial phyla, accounting for 23.6%-
54.9% and 27.7%-73.3% of phyla in total (Fig- 
ure 3A). Proteobacteria, Verrucomicrobia, De- 
ferribacteres, and Tenericutes constituted the 
rest of the gut microbiome in the samples of 
this study. Moreover, a few floras could not be 
included using the present classification. Ba- 
cteroides, Lactobacillus, and [Prevotella] were 
the most common genera in the mice fecal 
microbiome, but abundance difference was 
also displayed (Figure 3B).

The species with the most significant differenc-
es among the four groups were found using the 
LEfse analysis to analyze the changes in intes-
tinal floras following the Bs intervention. During 
the cancer phase, no significant difference was 
found in the variations of Firmicutes, Bacteroi- 
detes, and the other bacteria among the four 
groups at the phylum level. However, relative 
abundances of Rikenellaceae and Lactobacillus 
in the AOM/DSS + Bs group were found to in- 
crease compared with those in the AOM/DSS 
group (Figure 4A). During the development of 
inflammation to cancer, variations of the Pre- 
votella and Paraprevotella in the AOM/DSS 
group were significantly different from those in 
the control group at the genus level, while simi-
lar changes were observed in the AOM/DSS + 
Bs group. A gradually increasing relative abun-
dance of Prevotella was seen in both groups 
throughout the whole process, while the rela-
tive abundance of Paraprevotella during the 
cancer phase increased in the AOM/DSS group 
and decreased in the AOM/DSS + Bs group. At 
the species level, the relative abundance of B. 
acidifaciens in the AOM/DSS and AOM/DSS + 
Bs groups both peaked in the inflammation 
phase and reduced in the cancer phase, but 
statistically significant variation was only found 
in the latter. The richness of flexus, a genus 
lowly contained in the mouse intestinal floras, 
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Figure 3. Community richness, evenness, and diversity of fecal samples in different groups. A. Relative abundances of the dominant phyla in the samples of the 
control and model groups. B. Relative abundances of the dominant genes in the samples of the control and model groups. C. Chao1 index in different groups. D. 
PCA in different groups. E. Unweighted UniFrac beta of the control and model groups. OA, OB, OC: Inflammation, dysplasia, and cancer phases, respectively, in the 
AOM/DSS group; POA, POB, POC: inflammation, dysplasia, and cancer phases, respectively, in the AOM/DSS + Bs group; PA, PB, PC: inflammation, dysplasia, and 
cancer phases, respectively, in the WT + Bs group; AC, CB, CC: inflammation, dysplasia, and cancer phases, respectively, in the WT group.
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increased in the AOM/DSS group during the 
dysplasia phase, while its content in the AOM/
DSS + Bs group during the dysplasia phase was 
0 (Figure 4B-E).

of the intestinal epithelial cell layer, and, of 
course, the junction structures among the epi-
thelial cells. Tight junction (TJ) is the major con-
nection pattern among the epithelial cells, 

Figure 4. A. Differential species at the family and genus levels in the carcinoma stage. B. Differential species at the 
genus level in the AOM/DSS group. C. Differential species at the genus level in the AOM/DSS + Bs group. D. Dif-
ferential species at the species level in the AOM/DSS group. E. Differential species at the species level in the AOM/
DSS + Bs group. *P < 0.05, **P < 0.01. OA, OB, OC: Inflammation, dysplasia, and cancer phases, respectively, in 
the AOM/DSS group; POA, POB, POC: inflammation, dysplasia, and cancer phases, respectively, in the AOM/DSS + 
Bs group; PA, PB, PC: inflammation, dysplasia, and cancer phases, respectively, in the WT + Bs group; AC, CB, CC: 
inflammation, dysplasia, and cancer phases, respectively, in the WT group.

Figure 5. Ultrastructure of the intestine using a transmission electron micro-
scope in different mice groups during the inflammation stage.

Bs intervention repaired the 
intestinal mucosal barrier in 
the AOM/DSS model

The colon epithelium of the 
Control and Control + Bs 
groups was intact. However, 
the ultrastructure of colon 
epithelium of the AOM/DSS 
group mice changed most 
obviously (Figure 5). Manifes- 
tations included the destruc-
tion of tightness and microvil-
lus, broadening of the cell 
gap, vacuolation of cells and 
chromosome sedimentation, 
and apoptosis of epithelial 
cells, but these changes were 
alleviated in the AOM/DSS + 
Bs group.

Functions of the intestinal 
barrier relied on the integrity 
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while transmembrane protein occludin and the 
scaffolding protein Zonula occludens-1 (ZO-1) 
may represent the TJ degree among the epithe-
lial cells. The expression of occludin and ZO-1 
during the inflammation phase in the mouse 
colon epitheliums of the different treatment 
groups was analyzed using the techniques of 
immunohistochemistry (IHC) and Western blot. 
During the inflammation phase, the immuno-
histochemical results showed that the expres-
sion levels of ZO-1 and occludin in the AOM/
DSS group were significantly lower than those 
in the AOM/DSS + Bs group, while the expres-
sion levels of these two proteins were signifi-
cantly lower in both the AOM/DSS and AOM/
DSS + Bs groups compared with those in both 
the Control and Control + Bs groups (Figure 6). 
Both ZO-1 and occludin were primarily located 
at the margins and membrane top of the epi-
thelial cells and continuously distributed along 
the submicrovillar zone in the Control and 
Control + Bs groups. ZO-1 and occludin were 

unevenly and sparsely scattered in the AOM/
DSS group, with faded staining, blurred out-
lines, rough edges, and thorny protrusions, 
while both ZO-1 and occludin were rather even-
ly arranged in the epithelial layer of the colon 
mucosa in the AOM/DSS + Bs group, with clear 
outlines, sharp edges, and without thorny pro-
trusion. Western blot analysis yielded similar 
results, showing that the expression levels of 
ZO-1 and occludin were significantly lower in 
the AOM/DSS group compared with those in 
the AOM/DSS + Bs group during the inflamma-
tion phase (Figure 7).

Bacillus subtilis treatment suppressed prolif-
eration and promoted apoptosis in the AOM/
DSS model

It was reported that probiotics could promote 
apoptosis through regulating endogenous and 
exogenous apoptotic pathway, and inhibit mul-
tiple cell proliferation through regulating some 

Figure 6. Expression levels of ZO-1 and occludin were detected by immunohistochemical staining in the inflam-
matory stage (200 ×). Staining of colonic tissue for ZO-1 (upper) and occludin (lower) of 4-μm sections from the 
paraffin-embedded tissue of mice from the AOM/DSS + Bs, AOM/DSS, WT + Bs, and WT groups (scale bar: 50 μm). 
ZO-1 and occludin staining was performed as per manufacturer’s instructions. Data are representative of three 
independent experiments. *P < 0.05, **P < 0.01.
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important regulatory factor. Expressions of 
Ki-67, Caspase 3 in colon tissue of both AOM/
DSS + Bs and AOM/DSS groups were detect- 
ed by immunohistochemical staining. Result 
showed that Caspase 3 expression in AOM/
DSS + Bs group was significantly higher than 
AOM/DSS group, while Ki-67 expression in 
AOM/DSS + Bs group was significantly lower 
than AOM/DSS group, indicating that Bacillus 
subtilis could promote apoptosis and inhibit 
proliferation (Figure 8).

Bs treatment moderated the immune system 
of gastrointestinal tract in the AOM/DSS model

The variations in CD4 contents of each inter-
vention group during inflammation and cancer 

phases were assessed using immunohisto-
chemical analysis, revealing that the CD4 con-
tent significantly increased in the AOM/DSS 
group during both phases compared with that 
in the AOM/DSS + Bs group, while only weak 
CD4 expression was observed in the Control + 
Bs and Control groups, indicating that Bs allevi-
ated colon inflammation (Figure 9). Moreover, 
polymerase chain reaction (PCR) was also used 
to detect the mRNA expression levels of inter-
leukin (IL)-6, IL-17a, IL-10, and transforming 
growth factor β1 (TGF-β1) during the inflamma-
tion and cancer phases. During the inflamma-
tion phase, the mRNA expression levels of IL-6 
and IL-17a, in the AOM/DSS group were signifi-
cantly higher than those in the AOM/DSS + Bs 
group, while the expression of IL-10 and TGF-β1 

Figure 7. Expression levels of ZO-1 and occludin detected by Western blot in the inflammation stages. ZO-1 and oc-
cludin were detected by Western blot analysis of colon tissue with indicated antibodies. Data are representative of 
three separate experiments. *P < 0.05, **P < 0.01.

Figure 8. Expressions of Ki-67, Caspase 3 were detected by immunohistochemical staining in the carcinoma stage 
(200 ×). Staining of colonic tissue for Ki-67 (Upper) and Caspase 3 (Lower) of 4-μm sections from paraffinembed-
ded tissue of mice from AOM/DSS + Bs and AOM/DSS group (Scale bar: 50 μm). Ki-67 and Caspase 3 staining was 
performed per manufacturers’ instructions. Data are representative of three independent experiments.
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were weak in both the groups, with no statisti-
cal difference between them. During the can-
cer phase, the mRNA expression levels of IL-6 
and IL-17a were similar with no statistical differ-
ence between the two groups, however in the 
AOM/DSS + Bs group expression of IL-10 and 
TGF-β1 were significantly higher than those in 
the AOM/DSS group.

Discussion

A mouse AOM/DSS model for CAC was estab-
lished, and the mice were intervened with Bs. 
The intestinal inflammation severity and DAI 
were found to be lower in the mice of the AOM/
DSS + Bs group compared with that in the 
AOM/DSS group, with a significantly reduced 
cancer size and amount in the mice of the 
AOM/DSS + Bs group. Thus, Bs intervention 
altered the intestinal floras, relieved the inte- 
stinal inflammations, and inhibited the occur-
rence of CAC by enhancing the expression of 
junction proteins in the intestinal mucosa, 
repairing the intestinal mucosal barrier, and 
mediating the intestinal immunity.

Increasing reports in recent years have shown 
the involvement of intestinal floras in the carci-
nogenesis and progression of colon cancers, 
and many have also proved the significant dif-
ferences in intestinal floras between normal 
subjects and those under the disease states 
(IBD and colon cancer). However, whether alter-
ations in the intestinal floras were caused by 
the diseases or these alterations promoted the 
pathogenesis and progression of the diseases 
is still unknown. This study hypothesized that 
changes in the intestinal flora community and 
species richness might promote or inhibit the 
occurrence of colon cancers. Significant varia-

tions were observed in the structures and com-
ponents of intestinal floras during chronic coli-
tis, while Bs intervention could counterbalance 
the adverse results. The number of species 
increased with a lower intergroup difference in 
the AOM/DSS + Bs group compared with that  
in the AOM/DSS group in this study, indicating 
a favorable consequence resulting from the 
changes in the intestinal flora community fol-
lowing Bs intervention. This might correlate 
with the inhibition of colon carcinogenesis. 
Khazaie et al. [20] reported that Lactobacillus 
reduced the incidence of colon adenoma, which 
might be associated with lipoteichoic acid, a 
product of Lactobacillus. The present results 
proved that the abundance of Lactobacillus 
during the cancer phase was significantly high-
er in the AOM/DSS + Bs group compared with 
that in the AOM/DSS group. Moreover, Prevo- 
tella abundance increased in both the AOM/
DSS and AOM/DSS + Bs groups from the in- 
flammation phase to the cancer phase. Prevo- 
tella has been reported to promote DSS-induc- 
ed colitis [21] indicating that it might act as a 
harmful bacterial genus contributing to carcino-
genesis, while Bs had little impact upon it. 
Moreover, the content of Paraprevotella was 
high in the AOM/DSS group during the cancer 
phase, while the abundance of Paraprevotella 
in the AOM/DSS + Bs group significantly decre- 
ased during the cancer phase. Paraprevotella 
is a genus of the Bacteroides family, which has 
been rarely reported previously. This study spe- 
culated Paraprevotella as a harmful bacterium 
involved in carcinogenesis. At the species level, 
the abundance of B. acidifaciens in the AOM/
DSS + Bs group was found to increase during 
the cancer phase. In a study that investigated 
the cancer-inhibitory role of Gynostemma sapo-

Figure 9. Expression levels of CD4 were detected by immunohistochemical staining in the inflammatory and car-
cinoma stages (200 ×) (A), and expression levels of IL-6, IL-17, IL-10, and TGF-β1 were detected by PCR during the 
inflammation (B) and carcinoma stages (C). *P < 0.05, **P < 0.01.
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nins, [22] the probiotic B. acidifaciens was con-
sidered to be one of the possible anti-cancer 
agent; therefore, B. acidifaciens might be cor-
related with the inhibition of colon cancer. In 
summary, Bs intervention adjusted the internal 
flora community, increased the probiotics, and 
reduced harmful bacteria following the flora 
variations induced by chronic inflammation.

Intestinal mucosa was exposed to a large num-
ber of foreign antigens and microbes from the 
external environment. Intact mucosa can pre-
vent the shifts of harmful bacteria and associ-
ating products, and therefore, its barrier func-
tion is crucial to the human body. However, TJ is 
predominant in the mediation of permeability 
and integrity of colon epithelial cells. It has 
been proved that probiotics enhance the muco-
sa barrier function and adjust the expression 
and distribution of TJ proteins [23-25]. The 
ultrastructures of the colon epithelial cells from 
each treatment group were observed under a 
transmission electron microscope in the pres-
ent study revealing that colon epithelial cells in 
the mice were severely damaged following 
treatment with AOM/DSS, while those with Bs 
intervention were repaired. Moreover, the TJ 
proteins ZO-1 and occludin were downregulat-
ed with abnormal distributions in the AOM/DSS 
group, while they were upregulated in the AOM/
DSS + Bs group compared with that in the 
AOM/DSS group. Therefore, Bs could effective-
ly repair mucosal damages and enhance the 
mucosa barrier.

Inflammation is considered as an important 
contributor to carcinogenesis [2, 16]. Increasing 
evidence in recent years has shown that probi-
otics can abate the progression of inflamma-
tion or even halt the transition from inflamma-
tion to cancer possibly through their mediations 
over intestinal immunity. The expression of 
CD4 in the mouse intestinal tissues during the 
inflammation phase was detected using immu-
nohistochemical techniques, revealing a signifi-
cantly higher CD4 content in the AOM/DSS 
group than in the AOM/DSS + Bs group. This 
result showed the active expression of CD4 T 
lymphocytes during the inflammation phase, 
which might be correlated with carcinogenesis. 
Then, the cytokines secreted by TH17 and Treg 
cells were detected. During the inflammation 
phase, the expression levels of both IL-6 and 
IL-17a were downregulated following the Bs 
intervention. IL-6 could activate STAT3 and pro-

mote colon epithelial proliferation, while IL-17a 
was also involved in the carcinogenesis of CAC 
[26-28]. However, the anti-inflammatory cyto-
kine IL-10 was also upregulated in the AOM/
DSS model group, which might be correlated 
with the intestinal secondary immune respons-
es during the acute inflammation phase. How- 
ever, all the cytokines secreted by TH17 and 
Treg cells were significantly higher in the AOM/
DSS + Bs group than in the AOM/DSS group. 
IL-10 and TGF-β1 secreted by Treg cells have 
been proved to inhibit carcinogenesis during 
the cancer phase. The probiotics affect carci-
nogenesis through immune activation, which 
was consistent with the findings on the impacts 
of probiotics on IBD reported by Pagnini et al. 
[29].

Moreover, cell proliferation and apoptosis were 
important factors influencing cancer growth. 
Konishi et al. [30] found that ferrichrome pro-
duced by the Lactobacillus inhibited colon can-
cer progression via c-Jun N-terminal kinase-
mediated apoptosis. The expression level of 
caspase-3 was significantly higher in the AOM/
DSS + Bs group than in the AOM/DSS group in 
this study, while the expression level of Ki-67 
was significantly lower in the AOM/DSS + Bs 
group compared with that in the AOM/DSS 
group. All these results indicated that Bs inter-
vention promoted apoptosis and inhibited pro-
liferation in the AOM/DSS model. The specific 
mechanisms remain unclear and require fur-
ther investigations, although they may be cor-
related with certain metabolic(s) derived from 
Bs.

Conclusions

In conclusions, Bs intervention reduced intesti-
nal inflammation and DAI and significantly low-
ered the carcinogenesis rate; the underlying 
mechanisms may be correlated with the media-
tion of Bs intervention over variations in mouse 
intestinal floras by increasing the number of 
probiotics, inhibiting the reproduction of harm-
ful bacteria, repairing intestinal mucosal barrier 
through upregulating the expression of intesti-
nal mucosal TJ proteins, rendering the expres-
sion of proinflammatory cytokines, promoting 
the anti-inflammatory cytokines, and adjusting 
intestinal immunity, so as to relieve intestinal 
inflammations and inhibit the occurrence of 
CAC.
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Figure S1. Rarefaction curve. Note: Abscissa indicates the number of sequences randomly selected from a speci-
men, and radius indicates the number of OTUs that can be established based on that number of sequences. Rar-
efaction curve reflects the sequencing depth, with different colored curves representing different samples. 

Figure S2. Rank abundance curve. Note: Abscissa indicates the ordinal number assigned by the OTUs abundance, 
and radius is the relative abundance of the corresponding OTUs. Different samples are represented by a line of 
different colors.


