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Abstract

Purpose Gut microbiota has been reported to contribute to either prevent or promote colorectal cancer (CRC), and treatment
with probiotics might be a promising intervention method. The present study aimed to evaluate the potential anti-CRC effects
of Lactobacillus coryniformis MXJ32 on a colitis-associated (CA)-CRC mouse model.

Methods The CA-CRC mouse model was induced by a single intraperitoneal injection of 10 mg/kg azoxymethane and
followed by three 7-day cycles of 2% dextran sulfate sodium in drinking water with a 14-day recovery period. Mice were
supplemented with L. coryniformis MXJ32 by oral gavage (1x 10° CFU/day/mouse). The CA-CRC attenuating effects of
this probiotic were assessed via intestinal barrier integrity, inflammation, and gut microenvironment.

Results Treatment with L. coryniformis MXJ32 could significantly inhibit the total number of tumors and the average tumor
diameter. This probiotic administration prevented the damage of intestinal barrier function by enhancing the expression of
tight junction proteins (Occludin, Claudin-1, and ZO-1) and recovering the loss of goblet cells. Moreover, L. coryniformis
MXIJ32 alleviated intestinal inflammation via down-regulating the expression of inflammatory cytokines (TNF-a, IL-1,
IL-6, IL-y, and IL-17a) and chemokines (Cxcll, Cxcl2, Cxcl3, Cxcl5, and Ccl7). In addition, L. coryniformis MXJ32
supplementation increased the abundance of some beneficial bacteria (such as SCFAs-producing bacteria, Lactobacillus,
Bifidobacterium, Akkermansia, and Faecalibaculum) and decreased the abundance of some harmful bacteria (such as pro-
inflammatory bacteria, Desulfovibrio and Helicobacter), which in turn attenuated the overexpression of inflammation.
Conclusion Lactobacillus coryniformis MXJ32 could effectively ameliorate CA-CRC via regulating intestinal microenviron-
ment, alleviating inflammation, and intestinal barrier damage, which further suggested that L. coryniformis MXJ32 could
be considered as a functional food ingredient for the alleviation of CA-CRC.
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Abbreviations

ANOVA  Analysis of variance

AOM Azoxymethane

CA-CRC Colitis-associated colorectal cancer
CFU Colony forming unit

CXCR C-X-C motif receptor

DAI Disease activity index

DSS Dextran sulfate sodium

FITC Fluorescein isothiocyanate

H&E Hematoxylin and eosin

IL Interleukin

LDA Linear discriminant analysis

LEfSe Linear discriminant analysis effect size
LPS Lipopolysaccharides

MUC Mucin

OouT Operational taxonomic unit

PCoA Principal coordinates analysis

SCFA Short-chain fatty acid

TFF Trefoil factor

TLR Toll-like receptor

TNF Tumor necrosis factor

TUNEL  Terminal deoxynucleotidyl transferase dUTP
nick end labeling

UPGMA Unweighted pair group method with arithmetic
mean

Z0-1 Tight junction protein-1
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Introduction

Colorectal cancer (CRC), one of the most common can-
cers, ranked third in incidence and second in mortality [1].
Although several therapeutic options, including chemother-
apy, radiation therapy, and immunotherapy are available,
these methods may lead to serious adverse effects and the
prognosis of CRC patients remains poor [2, 3]. Therefore,
some new safe and effective preventive and/or therapeutic
strategies are urgently needed for CRC.

Although the pathogenesis of CA-CRC is multifactorial,
the formation of tumors in the large bowel is mainly due to
environmental factors (such as lifestyle, dietary, and micro-
organisms) because the heritability of CRC only accounts
for 12-35% [4, 5]. Among environmental factors, the role of
microorganisms (both specific infectious agents and collec-
tive microbial communities in the tumor environment) in CRC
has received increasing attention in recent years [6]. Resident
microbial communities, including bacteria, fungi, and virus
(~ 100 trillion) colonized in the human gastrointestinal tract,
called the “gut microbiota” [7]. These microorganisms have
been reported to play a crucial role in maintaining mucus bar-
rier function, regulating inflammation and immune responses
[6], and thus preventing or promoting intestinal-associated dis-
eases, such as ulcerative colitis (UC) [8] and colitis-associated
(CA)-CRC [9]. As an important component of gut microbi-
ota, probiotics, especially Lactobacillus and Bifidobacterium,
are important for attenuating the incidence and mortality of
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CA-CRC. For example, the relative abundance of Lactoba-
cillus was lower in an azoxymethane (AOM)/dextran sulfate
sodium (DSS) induced CA-CRC mouse model as compared
with healthy animals [10]. Moreover, treatment with Lactoba-
cillus casei BL23 could inhibit the development of CA-CRC
caused by AOM/DSS [11]. In addition, supplementation of
Lactobacillus bulgaricus has been shown to significantly sup-
press inflammation in the CA-CRC mouse [12]. The anti-CRC
effects of probiotics can be summarized as (1) improving host
immune defense; (2) inactivating cancerogenic compounds;
(3) modulating intestinal microbiota, and (4) regulating the
apoptosis and differentiation of tumor cells [13]. However,
the use of probiotics as agents to prevent or alleviate CA-CRC
is still limited due to the species-specific effects of microor-
ganisms that may further lead to distinct mechanistic actions.
Therefore, it is necessary to explore more probiotic strains with
CA-CRC ameliorating effects and pay more attention to their
functional mechanism.

Lactobacillus coryniformis MXJ32, a heterofermentative
facultative anaerobic bacterium, was previously isolated from
a traditional fermented vegetable (Jiangshui Cai) in Xixiang
County, Shaanxi, China [14]. This strain has been shown to
possess potential beneficial effects because it not only pos-
sesses a certain degree of acid and bile salt tolerance, but
also can produce a novel bacteriocin to inhibit the growth of
bacterial foodborne pathogens including antibiotic-resistant
microorganisms [14]. Moreover, L. coryniformis MXJ32 could
ameliorate the pathological symptoms of DSS-induced UC in
mice [15]. Since the adverse changes in the gut microbiota [16]
and long-term colitis [17] may lead to the formation and pro-
gression of CA-CRC, it was hypothesized that administration
with L. coryniformis MXJ32 could reshape a new balance of
gut microbiota and inhibit inflammation in AOM/DSS induced
CA-CRC mice, thereby inhibiting intestinal tumor formation.
Moreover, to our knowledge, no previous study has focused
on evaluating the CA-CRC ameliorating effects of L. coryni-
formis. Therefore, the present study aimed to investigate the
attenuating effects of L. coryniformis MXJ32 on AOM/DSS
induced CA-CRC through intestinal barrier integrity, gut
microenvironment and inflammatory response. The results
of the present study can facilitate the application scope of L.
coryniformis MXJ32 as a probiotic to prevent or attenuate CA-
CRC, and provide the knowledge for further research on the
exploration of safe and effective preventive and therapeutic
strategies for CA-CRC.

Materials and methods
Preparation of L. coryniformis MXJ32

L. coryniformis MXJ32 was previously stored in the de
Man, Ragosa, and Sharpe (MRS) broth medium with 20%

(v/v) glycerol at —80 °C. To prepare live bacterial supple-
ment, L. coryniformis MXJ32 was grown in MRS medium at
37 °C for 16 h and harvested by centrifugation at 7500xg for
5 min at 4 °C. The collected cells were washed twice with
cold 0.90% NaCl solution and then resuspended in 0.90%
NaCl solution at a concentration of 5x 10° CFU/mL for oral
gavage.

Animals and treatment

Six-week-old male C57BL/6 mice were purchased from
Hunan SJA Laboratory Animal Co., Ltd. (Changsha, Hunan,
China) and housed in the standard polycarbonate cages (five
mice per cage) under a specific pathogen-free controlled
environment (temperature 23 +2 °C, relative humidity
55+5%, and 12 h light/dark cycle) with ad libitum access
to normal chow diet and water. All experimental protocols
were approved by the Animal Ethics Committee of Xi’an
Jiaotong University (Permission No. SCXK 2018-001)
and conducted in compliance with the Guide for the Care
and Use of Laboratory Animals: Eighth Edition, ISBN-10:
0-309-15396-4.

After 7 days of acclimatization, forty mice were ran-
domly divided into three groups: Ctrl group (neither AOM/
DSS nor L. coryniformis MXJ32 treatment, n=10), Model
group (only AOM/DSS treatment, n=15), and MXJ32
group (both AOM/DSS and L. coryniformis MXJ32 treat-
ment, n=15). The detailed experimental scheme is shown
in Fig. 1a. Briefly, the mice in the Model and MXJ32 groups
were given a single intraperitoneal (i.p.) injection of AOM
(10 mg/kg, Sigma-Aldrich, St. Louis, MO, USA) 7 days
before the start of 3 cycles of DSS (MW 36-50 kDa, MP
Biomedicals, Aurora, OH, USA) treatment. For each cycle
of DSS induction, mice were received water containing 2%
DSS (w/v) for 7 consecutive days, followed by 2 weeks of
normal drinking water for an adjustable recovery period.
The mice in the MXJ32 group were orally administered 200
pL bacterial suspension (~ 1 x 10° CFU/day/mouse) since
the beginning of the second cycle of DSS induction and
maintained for 14 weeks until sacrifice. The mice in the Ctrl
and Model groups were gavaged with the equivalent volume
of 0.90% NaCl solution during the same period. Water con-
sumption, body weight, fecal consistency, and blood in the
stool of all mice were monitored weekly. At the end of week
18, mice were euthanized with ketamine and xylazine (100
and 10 mg/kg, respectively; i.p. injection, Sigma-Aldrich).
Serum samples were obtained by centrifuging blood samples
at 3000xg at 4 °C for 10 min and then stored at — 80 °C until
analysis. The entire colon tissue was harvested, excised, and
cleaned with cold phosphate buffer saline (PBS) for mac-
roscopic change assessment. The number and diameter of
tumors were measured by an independent observer who was
unaware of the treatment. The spleen and thymus were also
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removed to calculate the weight of the organ/body weight
[18].

During the DSS induction period, intestinal inflamma-
tion was assessed daily by measuring the disease activity
index (DAI). It consists of body weight loss (0= <1%,
1=1%<X<5%, 2=5%<X<10%, 3=10%<X<15%,
and 4= > 15%), stool consistency (0=normal, 1 =soft and
sticky, and 4 =diarrhea) and blood in the feces (0 =normal,
1=occult*, 2=occult**, 3=occult***, and 4 = gross bleed-
ing) [11]. The blood in the feces was tested using the fecal
occult blood reagent (Nanjing Jiancheng Technol, Nanjing,
Jangshu, China).

Intestinal permeability analysis

To investigate the intestinal permeability of mice, fluo-
rescein isothiocyanate (FITC)-dextran (3000-5000 kDa,
Sigma-Aldrich) was given to mice by oral gavage according
to the method described by Yang et al. [19] with some minor
modifications. Briefly, mice in each group (n=3) were fasted
for 6 h and then administered with FITC-dextran (600 mg/
kg body weight) for another 4 h of fasting treatment. Mice
blood samples were collected by retro-orbital bleeding and
centrifuged at 3000 X g for 10 min at 4 °C. After diluted (1:1)
in PBS (pH 7.4), the fluorescence intensity of mice serum
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was quantified using a Multi-Mode Microplate Reader (Vic-
torX3, Perkin Elmer, USA) with an excitation wavelength of
485 nm and an emission wavelength of 535 nm. The stand-
ard curve was calculated by diluting FITC-dextran in PBS.

Histopathological evaluation

The distal colon tissues (~ 1 cm) were fixed in 4% paraform-
aldehyde (w/v) at 4 °C overnight, embedded in paraffin, and
then sliced into 5 pm for hematoxylin and eosin (H&E), and
Alcian blue staining, as well as terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) analysis. The
stained areas were viewed and photographed by an Olym-
pus microscope (Olympus Corporation, Tokyo, Japan). The
damage of colon tissues was scored as described previously
[20], which consists of the severity of inflammation (0-3),
the infiltration degree of inflammation (0-3) and the extent
of crypt damage (0—4). The number of goblet cells and
TUNEL-positive cells was calculated by Image J software
(National Institutes of Health, Bethesda, MD, USA).

Biochemical analysis

Lipopolysaccharides (LPS) and colonic inflammatory
cytokines, including tumor necrosis factor (TNF-a),
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interleukin (IL)-1p, and IL-6 were measured by correspond-
ing ELISA test kits (Jingmei Biotech, Yancheng, Jiangsu,
China). For the quantification of colonic inflammatory
cytokines, colon tissues were weighed and homogenized
with PBS (1:9, w/v), and centrifuged at 5000xg for 5 min
at 4 °C. The protein concentration in the supernatant was
measured by BCA protein assay kit (Zhonghuihecai Biotech,
Xi’an, Shaanxi, China).

Quantitative PCR analysis

The total RNA from colon tissues was extracted using AG
RNAex Pro Reagent (Accurate Biology, Changsha, Hunan,
China). After qualitative and quantitative evaluation by
micro-spectrophotometer Nano-200 (Hangzhou Allsheng
Instruments, Korea), the FastKing RT Kit (with gDNase,
Tiangen Biotech, Beijing, China) was used for reverse tran-
scription immediately. Subsequently, 2 pL diluted cDNA
(1:15) was performed quantitative PCR using CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad, Her-
cules, CA, USA) with SYBR Green BioEasy Master Mix
(Bioer Biotech, Hangzhou, Zhejiang, China). The primer
sequences of target genes are shown in Table S1. The expres-
sion level of target gene was normalized using the mRNA
level of housekeeping gene GAPDH and the data were ana-
lyzed according to the 2744 method.

Short-chain fatty acids (SCFAs) analysis

The concentration of SCFAs was analyzed by gas chroma-
tography (GC) as previously described protocols [21] with
some minor modifications. Briefly, ~200 mg fecal samples
were homogenized with 2 mL distilled water and centrifuged
at 10,000xg for 10 min at 4 °C. The ratio (weight of fecal
sample/volume of distilled water =1:10) was determined
by our preliminary experimental result. The supernatant
(0.8 mL) was acidified by adding 160 uL of 50% H,SO,
(v/v) for 5 min, and then incubated with 0.8 mL diethyl ether
at 4 °C with shaking for 30 min. The organic phase was col-
lected by centrifuging at 10,000xg for 10 min and filtered
through a 0.22 pm nylon filter for GC analysis. The GC-
2014C (Shimadzu Corporation, Kyoto, Japan) equipped with
a DB-FFAP column (30 mx0.25 um X 0.25 um, Agilent
Technologies, Palo Alto, CA, USA) and a flame ionization
detector. Standard SCFAs curves were prepared using acetic
acid, propionic acid, isobutyric, butyric acid, isovaleric, and
valeric acid (Sigma-Aldrich, St. Louis, MO, USA).

Fecal microbiota analysis
The total bacterial DNA of each fecal sample was extracted

using PowerSoil DNA isolation kit (Mo Bio Laboratories,
Carlsbad, CA, USA). After qualitative and quantitative

analysis by NanoDropOne (Thermo Fisher Scientific,
Waltham, MA, USA), the 16S rRNA gene comprising V3-V4
variable regions was amplified by PCR with common prim-
ers (Forward primer, 5'-ACTCCTACGGGAGGCAGCA-3';
reverse primer, 5'-GGACTACHVGGGTWTCTAAT-3'). The
pooled and purified PCR products were sequenced using I1lu-
mina Hiseq 2500 platform at Biomarker Technologies Cor-
poration (Beijing, China). The high-quality reads with>97%
similarity were clustered into the same operational taxonomic
unit (OTU) and annotated based on the SILVA database (ver-
sion 123) using Ribosomal Database Project (RDP) Classifier
(version 2.2). The alpha diversity, including Simpson, Shan-
non, ACE, and Chao indexes, was calculated using Mothur
(version 1.30). The Bray—Curtis principal coordinate analysis
(PCoA) and unweighted pair group method with arithmetic
mean (UPGMA) clustering analysis were performed with the
Quantitative Insights Into Microbial Ecology (QIIME) soft-
ware. The linear discriminant analysis (LDA) coupled with
effect size (LEfSe) method was used to analyze the significant
changes in the relative abundance of microbial taxa among
different groups.

Correlation analysis

The correlation between the genera with significant differences
in gut microbiota among three groups and CRC parameters
(including DAI and histological scores, colon length, num-
ber of tumors, goblet, and TUNEL-positive cells, intestinal
permeability, the expression of inflammatory cytokines and
chemokines, the level of SCFAs) was analyzed in R language.
The correlation between the indicators was quantified by cal-
culating Pearson correlation coefficients and the results were
visualized by Corrplot R package.

Statistical analysis

All experimental data were presented as the mean =+ stand-
ard deviation (SD) of at least three independent experiments.
Significant differences were determined by one-way analysis
of variance (ANOVA), followed by Tukey’s test for multiple
comparisons using Graphpad Prism 8 software (GraphPad
Software Inc., San Diego, CA, USA). Comparison of sig-
nificant changes in the relative abundance of microbial taxa
between different groups was performed using non-parametric
Kruskal-Wallis test. A value of p<0.05 was considered as
statistically significant (*p <0.05, **p <0.01 and ***p <0.001
compared to the Model group).
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Results

L. coryniformis MXJ32 administration ameliorated
the development of intestinal tumorigenesis
induced by AOM/DSS

CA-CRC is a model of colon carcinogenesis associated with
inflammation. To gain insight into the role of L. coryni-
formis MXJ32 in colitis, the DAI score was calculated dur-
ing 2% DSS administration. Results showed that the DAI
score in the MXJ32 group was significantly reduced as
compared with the Model group at the end of DSS admin-
istration (Fig. 1b). For colon length, treatment with L.
coryniformis MXJ32 could prevent its shortening caused
by DSS (Fig. 1d). In addition, as two important immune
organs, the thymus and spleen were also used to reflect the
level of inflammation. From Fig. 1g, h, it was shown that
the decrease of weight of the thymus/body weight and the
increase of weight of the spleen/body weight induced by
AOM/DSS were significantly reversed by supplementa-
tion of L. coryniformis MXJ32. These results suggested
that the DSS-induced colon inflammation was successfully

Fig. 2 Effects of L. coryni- a
formis MXJ32 on the intestinal
histopathological changes in the
AOM/DSS-induced CA-CRC
mouse model. Representative
image of a H&E and b Alcian
blue staining; ¢ the histologi-
cal score, and d the number of
goblet cells based on H&E- and
Alcian blue-stained sections,
respectively. Data are pre-
sented as mean+SD, n=5/
group, significant differences
were calculated by one-way
ANOVA, followed by Tukey’s
test for multiple comparisons,
*p<0.05, **p <0.01, and

*#*%p <0.001 compared to the
Model group
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established and administration with L. coryniformis MXJ32
could alleviate it. For the representative macroscopic image
of mouse colonic tissues, there were multiple adenomas in
the Model group, while these symptoms were remarkably
attenuated in the MXJ32 group (Fig. 1c). Moreover, the total
tumor number and average tumor diameter in the MXJ32
group were also significantly lower than those in the Model
group (Fig. le, f).

Histological examination conducted by H&E staining
from the representative distal colon tissues showed that
AOM/DSS-treated mice supplementation of L. coryni-
formis MXJ32 had fewer pathological damage symptoms,
including the severity and infiltration degree of inflammation
and the extent of crypts damage (Fig. 2a, c). A histology
of the representative tumor is shown in Fig. S1. Further-
more, Alcian blue staining showed that supplementation
of L. coryniformis MXJ32 could significantly suppress
AOM/DSS-induced mucosal damage and attenuate the
loss of goblet cells (Fig. 2b, d). In addition, the number of
TUNEL-positive cells in the MXJ32 group was significantly
increased as compared with the Model group (Fig. S2a, b),
which was also demonstrated by the promoting effect of L.
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coryniformis MXJ32 administration on the mRNA level of
Bax/Bcl-2 (Fig. S2¢).

L. coryniformis MXJ32 administration protected
the intestinal barrier integrity in the AOM/
DSS-induced CA-CRC mice

To evaluate whether L. coryniformis MXJ32 could amelio-
rate the damage of intestinal barrier function, FITC-dextran
was used to analyze intestinal permeability. Result showed
that AOM/DSS led to an increase in the gut leakage of oral
TITC-dextran, while this change was significantly prevented
by supplementation of L. coryniformis MXJ32 (Fig. 3a). In
addition, the expression of some colonic proteins that are
related to maintaining intestinal barrier integrity, including
occludin, claudin-1, tight junction protein-1 (ZO-1), mucin-2
(MUC2), mucin-3 (MUC3), and trefoil factor-3 (TFF3), was
also measured. Although no significant differences were
found in the mRNA levels of MUC2, MUC3, and TFF3
between the Model and the MXJ32 group, the expression
of Occludin, Claudin-1, and ZO-1 were significantly down-
regulated in the AOM/DSS-induced mice, and these altera-
tions were remarkably reversed by L. coryniformis MXJ32
administration (Fig. 3b). These results suggested that sup-
plementation of L. coryniformis MXJ32 could attenuate the
damage of intestinal barrier induced by AOM/DSS.

L. coryniformis MXJ32 administration modulated
the inflammatory response in the AOM/DSS-induced
CA-CRC mice

Inflammatory cytokines (including TNF-a, TNF-1f, and
IL-6) were measured by ELISA kits. Compared with the Ctrl

group, the level of these three pro-inflammatory cytokines
was significantly increased in the AOM/DSS-treated mice,
while treatment with L. coryniformis MXJ32 could con-
spicuously attenuate these changes (Fig. 4a—c). Moreover,
the mRNA level of TNF-a, TNF-14, IL-6, IL-y, and IL-17a
in the MXJ32 group was also significantly lower than those
in the Model group (Fig. 4d).

The abnormal level of CXCR2 ligands, including Cxcll,
Cxcl2, Cxcl3, Cxcl5, and Ccl7, has been found in previous
CA-CRC mouse model [22]. Similarly, the results of the
present study also showed that AOM/DSS can lead to a sig-
nificant increase in the mRNA level of Cxcll, Cxcl2, Cxcl3,
Cxcl5, and Ccl7. On the contrary, these changes were sig-
nificantly ameliorated after treatment with L. coryniformis
MXIJ32 (Fig. 4e).

As an important activator of Toll-like receptor 4 (TLR4),
LPS was an inducement to trigger inflammatory response.
From Fig. 41, the level of serum LPS was significantly
increased in the Model group and it could be reversed by
L. coryniformis MXJ32 supplementation. Moreover, the
mRNA level of some genes that related to TLR4/NF-kB
pathway (including TLR4, MyD88, and NF-«kB) in the model
group was higher than that in the MXJ32 group (Fig. 4g-1).

L. coryniformis MXJ32 administration promoted
the production of SCFAs in the AOM/DSS-induced
CA-CRC mice

It was reported that SCFAs showed multiple beneficial
effects against CA-CRC, therefore, the effects of L. coryni-
formis MXJ32 on the level of feces SCFAs were measured.
A representative chromatogram of SCFAs in L. coryniformis
MXIJ32 treated mice feces sample is illustrated in Fig. S3.
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Fig.3 Effects of L. coryniformis MXJ32 on the gut barrier integrity
in the AOM/DSS-induced CA-CRC mouse model. a The level of
serum FITC; b, the mRNA expression of Occludin, Claudin-1, ZO-
1, MUC2, MUC3, and TFF3 in the mouse colon. Data are presented
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Fig.4 Effects of L. coryniformis MXIJ32 on the inflammatory
response in the AOM/DSS-induced CA-CRC mouse model. The
level of a TNF-a, b IL-1p, and ¢ IL-6 in mouse colon; d the mRNA
expression of TNF-a, IL-1f, IL-6, IL-y, and IL-17a in mouse colon;
e the mRNA expression of chemokines, including Cxcll, Cxcl2,

From Fig. 5a, b, the major three SCFAs produced by gut
microbiota are acetic, propionic, and butyric acid. The total
SCFAs concentration was significantly decreased in the
Model group, whereas it was reversed by treatment with
L. coryniformis MXJ32 (Fig. 5b). Specifically, compared
with the Ctrl group, the levels of propionic, butyric acid,
isobutyric, and isovaleric were significantly decreased in
the Model group. Except for isovaleric, the other SCFAs
were significantly increased after treatment with L. coryni-
formis MXJ32 (Fig. 5a). These results suggested that the
anti-carcinogenic effect of L. coryniformis MXJ32 in the
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Cxcl3, Cxcl5, and Ccl7; f the level of serum LPS; the mRNA expres-
sion of g TLR 4, h MyD88, and i NF-kB. Data are presented as
mean=+SD, n=>5/group, significant differences were calculated by
one-way ANOVA, followed by Tukey’s test for multiple comparisons,
*p<0.05, **¥p <0.01 and ***p <0.001 compared to the Model group

CA-CRC mouse model might be partly due to it increases
the level of SCFAs.

L. coryniformis MXJ32 administration altered
the composition of gut microbiota in the AOM/
DSS-induced CA-CRC mice

Overall, 978,034 available reads (Ctrl, 347,786; AOM,
304,442 MXJ32, 325,806) from 15 samples were obtained
for the downstream analysis, and 4253 OTUs were identified
with a 97% similarity cutoff (data not shown). Rarefaction
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Fig. 5 Effects of L. coryniformis MXJ32 on the SCFAs concentration
in the mice feces. a The levels of acetic acid, propionic acid, isobu-
tyric, butyric acid, isovaleric and valeric acid; b, the levels of total
SCFAs. Data are presented as mean + SD, n=5/group, significant dif-

and Shannon curves are shown in Fig. S4, suggesting that
the majority of the microbiota diversity has been captured
in all samples and the OTUs in the Model group are higher
than those in the Ctrl and MXJ32 groups. There was no
statistical difference in the microbiota community rich-
ness (ACE and Chao indices), but the microbiota diversity
(Shannon and Simpson indices) in the Model group was sig-
nificantly different from that in the Ctrl and MXJ32 groups
(Fig. 6a). For beta diversity, the results of PCoA based on
Bray—Curtis analysis are shown in Fig. 6b, suggesting that
the samples in the Model group were separated from the Ctrl
group, while the MXJ32 group tended to cluster toward the
Ctrl group, which could also be reflected by the UPGMA
analysis (Fig. 6¢). These results demonstrated that treatment
with L. coryniformis MXJ32 could attenuate gut microbiota
dysbiosis induced by AOM/DSS. Briefly, compared with the
Ctrl group, a higher abundance of phylum Bacteroidetes,
Proteobacteria, Patescibacteria, and Epsilonbacteraeota,
and a lower abundance of Actinobacteria were observed in
the Model group, while supplementation of L. coryniformis
MXJ32 weakened these alterations (Fig. 6d). The genus-
level analysis showed that there were 15 genera with sig-
nificant differences among the three groups (Table S2). For
example, compared with the Ctrl group, the relative abun-
dance of some beneficial bacteria (such as Lactobacillus,
Bifidobacterium, Akkermansia, and Faecalibaculum) and
harmful bacteria (such as Desulfovibrio and Helicobacter) in
the Model group were significantly decreased and increased,
respectively. However, these changes were reversed by treat-
ment with L. coryniformis MXJ32 (Fig. 6e).

In the correlation analysis, except for Bacteroides and
Lachnospiraceae_NK4A136_group, the other 13 genera
were almost negatively or positively correlated with CA-
CRC parameters (Fig. 7). Briefly, the genera Lactobacillus,
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ferences were calculated by one-way ANOVA, followed by Tukey’s
test for multiple comparisons, *p <0.05 and ***p <0.001 compared
to the Model group

Bifidobacterium, Akkermansia, and Faecalibaculum were
positively correlated with colon length, goblet cells and
SCFAs, and negatively correlated with DAI and histologi-
cal scores, intestinal permeability, LPS, CXCR2 levels and
inflammatory cytokines, suggesting that these genera may
have a role in alleviating CA-CRC. Oppositely, the genera
Parasutterella, uncultured_bacterium_f _Ruminococcaceae,
Desulfovibrio, Coriobacteriaceae_UCG-002, Helicobacter,
Candidatus_Saccharimonas, uncultured_bacterium_f_Lach-
nospiraceae and Ruminiclostridium_9 were positively cor-
related with parameters that could promote CA-CRC and
negatively correlated with parameters that could prevent
CA-CRC (Fig. 7).

To further investigate the specific significantly dif-
ferent phylotypes in response to L. coryniformis MXJ32
administration, LEfSe analysis was performed on all effec-
tive sequences. Compared with Ctrl group, there were
eight (including genera uncultured_bacterium_f_Murib-
aculaceae, Family_XIII_UCG_001, Eisenbergiella, Fam-
ily_XIII AD3011_group, Lachnospiraceae_UCG_006,
uncultured_bacterium_f_Lachnospiraceae, Roseburia,
Ruminiclostridium_9 and Ruminiclostridium) and five
(including genera Alistipes, Ruminoccoccaceae_UCG_013,
Bacteroides, Eubacterium_xylanophilum, Parabacte-
roides, and Ruminococcus_I) specific genera in the Model
and MXJ32 group, respectively (Fig. 8a—d). Moreover,
compared with Model group, there were five (including
Odoribacter, Eubacterium_fissicatena_group, Akker-
mansia, Bifidobacterium and Lactobacillus), and one
(Ruminococcaceae_UCG_013) specific genera in the Ctrl
and MXJ32 group, respectively (Fig. 8a, b, e, f). In addi-
tion, compared with the MXJ32 group, there were two
(including uncultured_bacterium_f_Ruminococcaceae
and Clostridium_sensu_stricto_1I) and six (including
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Fig.7 Correlation analysis
between 15 genera and CRC
parameters. DAI is presented
by the data at the end of the
third DSS induction; intestinal
permeability is presented by the
level of serum TITC-dextran;
CXCR2 levels are the total level
of Cxcll, Cxcl2, Cxcl3, CxclS,
and Ccl7

multivariate analysis of variance from PCoA matrix scores; micro-
biota composition at d phylum and e genus level. n=5/group, signifi-
cant differences were calculated by one-way ANOVA, followed by
Tukey’s test for multiple comparisons, *p <0.05
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Ruminococcaceae, Ruminococcaceae_NK4A214_group,
uncultured_bacterium_f_Clostridiales_vadinBB60_group,
Lachnospiraceae_UCG_006, Ruminiclostridium_9, Marvin-
bryantia, Ruminiclostridium) specific genera in the Ctrl and
Model group, respectively (Fig. 8c—f). Taken together, these
results indicated that AOM/DSS induces a major alteration
in gut microbiota composition, whereas L. coryniformis
MXJ32 supplementation could be at least partly reverse this
dysbiosis.

Discussion

Most findings suggested that the intestinal microenviron-
ment of patients with CA-CRC was significantly different
from that of healthy individuals [16, 23]. Therefore, in recent
years, regulation of intestinal microbiota was considered to
be a promising method to prevent CA-CRC. Previously, L.
coryniformis MXJ32 has been shown to have the ability to
inhibit bacterial foodborne pathogens, including antibiotic-
resistant microorganisms by producing a novel bacteriocin
[14]. Moreover, this probiotic could ameliorate the patho-
logical symptoms of DSS-induced UC in mice [15]. How-
ever, whether treatment with L. coryniformis MXJ32 could
inhibit intestinal tumor formation via reshaping intestinal
microbiota and suppressing inflammation has not been
studied. Therefore, this study aimed to investigate the anti-
carcinogenic effect of L. coryniformis MXJ32 in the AOM/
DSS-induced CA-CRC mouse model. Compared with the
Model group, the DAI score, total tumor numbers and aver-
age tumor diameter in the MXJ32 group were significantly
reduced (Fig. 1), suggesting the recovery of damaged colon
cells effect of L. coryniformis MXJ32. These were also
evidenced by the histology results, including preventing
inflammatory infiltration, crypt damage and goblet cell loss
(Fig. 2).

CA-CRC has been proven to be strongly associated with
chronic inflammation, and the risk of CA-CRC in patients
with inflammatory bowel disease (IBD) showed 2-8 times
higher than that of healthy individuals [24]. Therefore, the
incidence of CA-CRC could be effectively prevented by
inhibiting the inflammatory response [25]. In this study,
the increase of some pro-inflammatory cytokines (such as
TNF-a, IL-1p, IL-6, IL-y, and IL-17a) induced by AOM/
DSS was significantly inhibited via supplementation of L.
coryniformis MXJ32 (Fig. 4a—d). In addition, compared with
the Model group, the mRNA expression of CXCR2 ligands,
including Cxcll, Cxcl2, Cxcl3, Cxcl5, and Ccl7, was also
remarkably decreased after treatment with L. coryniformis
MXJ32 (Fig. 4e), which was similar to the finding of Song
et al. [22] who reported that these CXCR2 chemokines were
significantly down-regulated in the probiotic cocktail Bifico
treated CA-CRC mice. The abnormal expression of these
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chemokines was responsible for recruiting inflammatory
cells into the inflammatory bowel mucosa and promoting
tumor initiation, progression, angiogenesis, and metastasis
[26]. Therefore, the anti-tumorigenesis effects of L. coryni-
Sformis MXJ32 may be partly due to its anti-inflammatory
properties in the CA-CRC mice. However, further study is
needed to investigate the effect of L. coryniformis MXJ32
on the specific immune response, especially the effect on
the differentiation of immune cell. In addition, there was an
important point to be mentioned that the result of TUNEL-
staining in the present study showed that the number of
TUNEL-positive cells in the probiotic-treated group was
higher than that in the Model group. In the DSS-induced UC
mouse model, the number of these positive cells in the colitis
Model group was higher than that in the colitis ameliorat-
ing group [27]. Inversely, these number in the CRC mouse
polyp was lower than that in the CRC alleviating mouse [28].
Although the distal colon tissue (a site of high incidence of
tumor and polyp in the CA-CRC mouse model) was selected
to conducted TUNEL-staining in the present study, it was
still not completely suggested that supplementation of L.
coryniformis MXJ32 could promote the apoptosis of tumor
cells because the cell apoptosis in the Model and MXJ32
group consists of both the normal cell apoptosis of normal
mucosa and the apoptosis of tumor damaged mucosal cells.
Therefore, it is necessary to conduct TUNEL-staining on
both with and without tumors/polyps colon tissue to inves-
tigate whether treatment with L. coryniformis MXJ32 could
promote the apoptosis of tumor cells.

Patients with colitis-associated disease are generally
accompanied with the damage of intestinal barrier func-
tion [29, 30]. To adapt to the rapidly changing conditions
of intestinal microenvironment, maintaining the integrity
of intestinal barrier was essential to ensure tissue steril-
ity and selective permeability of nutrients [31]. Micro-
bial pathogens and intestinal inflammation could dam-
age the intestinal barrier function and lead to increased
intestinal permeability, translocation of various microbial
substances and immune activation [32]. Meanwhile, the
damage of gut barrier could result in increased transloca-
tion of bacteria and lead to chronic inflammation, which
could further induce carcinogenic processes via IL-6 and
STAT3 signaling [33]. Supplementation of L. coryniformis
MXJ32 in the AOM/DSS-induced CA-CRC mice showed
that it could ameliorate the damage of intestinal barrier
via preventing the decrease of tight junctions-associated
genes expression (such as Occludin, Claudin-1, and ZO-1)
(Fig. 3), which in turn suggested that treatment with L.
coryniformis MXJ32 could prevent microorganisms from
entering the internal circulatory system through the epi-
thelial barrier and further attenuate the inflammatory
response that caused by gut microbial pathogens.
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The composition of intestinal microbiota was highly
related to the occurrence and formation of CA-CRC [34].
Some literature reported that supplementation of probiot-
ics could prevent colon tumorigenesis by modulating gut
microbiota [35, 36]. The results of this study showed that L.
coryniformis MXJ32 administration could partly restore the
change of intestinal microbiota in the AOM/DSS-induced
CA-CRC mice and impel them more similar to that of
healthy mice (Fig. 6). The cross-talk between gut micro-
biota and intestinal epithelial may play an important role in
regulating intestinal immune homeostasis [37]. The genus-
level analysis in the present study suggested that the rela-
tive level of some proinflammatory bacteria, such as Des-
ulfovibrio and Helicobacter, was significantly increased in
the Model group (Fig. 6e), which was accompanied with
higher intestinal inflammation. Oppositely, treatment with L.
coryniformis MXJ32 could not only reverse these microbiota
alterations but also alleviate inflammatory responses. In the
LEfSe analysis, consistent with some previous reports, the
genera of Akkermansia, Bifidobacterium and Lactobacil-
lus were the significant phylotypes in the healthy mouse as
compared with the CA-CRC Model mouse [38, 39]. How-
ever, compared with the Ctrl group, some genera, such as
Eisenbergiella, Family_XIII_AD3011_group, and Rumini-
clostridium_9 were found the significant phylotypes in the
Model group, which suggested that these genera could be
further identified as potential biomarkers for CA-CRC prog-
nostication. Compared with the Model group, only genus
Ruminococcaceae_UCG_013 was the significant phylotype
in the L. coryniformis MXJ32 treated group, suggesting this
genus may have potential CA-CRC ameliorating effect. This
is similar to the finding of Wang et al. [39] who reported
that treatment with B. bifidum CGMCC 15068 in the CA-
CRC mouse could significantly increase the abundance of
Ruminococcaceae_UCG_013.

The activation of TLR4/NF-kB in intestinal epithelial
cells was considered to be an important pathway to pro-
mote colitis-associated tumorigenesis [17]. Microbial patho-
gens and LPS, two major activators of TLR4, were found
at higher levels in the AOM/DSS-induced CA-CRC mice
(Figs. 4f, g, 6e), which was similar to the results reported
by Fukata et al. [40] As the final effector molecule of TLR4
signaling pathway, NF-kB plays a crucial role in causing
inflammatory response [17, 41]. Our results showed that
administration with L. coryniformis MXJ32 could signifi-
cantly decrease the level of LPS (Fig. 4f) and the abundance
of some harmful bacteria (such as Desulfovibrio and Heli-
cobacter), and thus attenuate the overactivation of TLR4/
MyD88/NF-kB pathway, which further inhibit the secretion
of pro-inflammatory cytokines (such as TNF-a, IL-1p, IL-6)
and chemokines.

Compared with the Model group, the relative abun-
dance of Lactobacillus, Bifidobacterium, Akkermansia,

and Faecalibaculum was higher in the L. coryniformis
MXJ32 treated group (Fig. 6e). These bacteria belong
to SCFAs-producing bacteria [38, 42] and correspond
to higher levels of SCFAs in the MXJ32 group (Fig. 5).
SCFAs have been shown to play an important role in pre-
venting intestinal diseases, such as IBD and CRC [43].
Previous literature reported that SCFAs could inhibit the
growth of some pathogens in the host intestinal microenvi-
ronment [44]. Therefore, besides the effect of bacteriocin
produced by L. coryniformis MXJ32, it could be specu-
lated that the decrease of some pro-inflammation bacte-
ria, such as Desulfovibrio and Helicobacter, in the MXJ32
group may be also the antibacterial effect of SCFAs. In
addition, SCFAs, especially butyric acid, have been proved
to have potential benefits for CA-CRC patients as they
could promote and maintain colonic epithelial health [32],
moderate cell growth and differentiation [45], inhibit his-
tone deacetylases in colonocytes and immune cells [46]
and exert anti-inflammatory effect [47]. Therefore, the
increases of SCFAs caused by L. coryniformis MXJ32
administration may be also partly responsible for its anti-
carcinogenic effect in the CA-CRC mouse model.

Together, these results demonstrated that treatment with
L. coryniformis MXJ32 could prevent the disruption of
intestinal microbiota, including the increase of beneficial
bacteria (such as SCFAs-producing bacteria, Lactoba-
cillus, Bifidobacterium, Akkermansia, and Faecalibacu-
lum) and the decrease of harmful bacteria (such as pro-
inflammatory bacteria, Desulfovibrio, and Helicobacter).
Moreover, the damage of intestinal barrier integrity was
alleviated under the inhibition of microbial pathogens and
intestinal inflammation, which could further prevent the
translocation of microbial pathogens and harmful bacte-
rial substances (such as LPS) from the gut to the systemic
circulation, and in turn suppress the overactivation of
TLR4/NF-xB pathway and inhibit the secretion of pro-
inflammatory cytokines (such as TNF-a, IL-1, IL-6) and
chemokines. Therefore, treatment with L. coryniformis
MX1J32 could ameliorate AOM/DSS-induced CA-CRC
via reshaping intestinal microenvironment, alleviating
inflammation, and intestinal barrier damage. These results
could promote L. coryniformis MXJ32 as a probiotic to
alleviate CA-CRC, and provide the knowledge for further
exploration of probiotics as a safe and effective preventive
strategy for CA-CRC. Although it was confirmed that L.
coryniformis MXJ32 could attenuate CA-CRC, the spe-
cific pathway of this ameliorating effect is not clear. The
molecular mechanism of L. coryniformis MXJ32 on gut
microbiota and gut inflammatory immune would be further
studied in the future.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00394-021-02627-8.
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