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Abstract

Dietary fat intake is positively associated with elevated risk of colorectal cancer (CRC). Currently, clinical
treatments remian inadequate bacause of the complex pathogenesis of CRC induced by a high-fat diet
(HFD). Mechanistically, imbalances in gut microbiota are associated with HFD-associated colorectal
tumourigenesis. Therefore, we investigated the anti-tumor activity of berberine (BBR) in modulating the
dysregulated gut microbiota and related metabolites by preforming 16S rDNA sequencing and liquid
chromatography/mass spectrometry. As expected, BBR treatment significantly decreased the number of
colonic polyps, ameliorated gut barrier disruption, and inhibited colon inflammation and related
oncogenic pathways in AOM/DSS-induced CRC model mice fed with an HFD. Furthermore, BBR
alleviated gut microbiota dysbiosis and increased the abundance of beneficial gut microorganisms,
including Akkermansia and Parabacteroides, in HFD-fed CRC mice. In addition, metabolomics analysis
demonstrated significantly altered the glycerophospholipid metabolism during the progression of
HFD-associated CRC in mice, whereas BBR treatment reverted these changes in glycerophospholipid
metabolites, particularly lysophosphatidylcholine (LPC), which was confirmed to promote CRC cell
proliferation and ameliorate cell junction impairment. Notably, BBR had no clear anti-tumor effects on
HFD-fed CRC model mice with gut microbiota depletion, whereas transplantation of BBR-treated gut
microbiota to gut microbiota-depleted CRC mice recapitulated the inhibitory effects of BBR on
colorectal tumourigenesis and LPC levels. This study demonstrated that BBR inhibited HFD-associated
CRC directly through modulating gut microbiota-regulated LPC levels, thereby providing a promising
microbiota-modulating therapeutic strategy for the clinical prevention and treatment of Western
diet-associated CRC.
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Introduction

Colorectal cancer (CRC), as a common gastroin-  endangers human healthl!l. Diet plays a well-known
testinal cancer, has a relatively high morbidity and  and important role in regulating CRC occurrence and
mortality among malignant tumors, and severely  developmentl> 3. Clinical trials have indicated a
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significant positive association between high-fat diet
(HFD) consumption and CRC riskl* %, and studies
have confirmed that an HFD promotes colorectal
tumourigenesis through modulating the gut
microbiota and lipid metabolisml®l. With improve-
ments in lifestyle and socioeconomic status, excess
dietary fat intake has become a common dietary
pattern. Thus, the prevention and treatment of
HFD-associated colorectal tumourigenesis warrant
in-depth research.

Berberine (BBR), a natural isoquinoline alkaloid
extracted from Coptis coptidis, is widely used in the
clinical treatment of infectious intestinal diseases in
Chinal’l. Recently, several studies have shown that
BBR regulates the microbiota structure, thus
alleviating type 2 diabetes, DSS-induced colitis,
rheumatoid arthritis, and other conditions(8-1l. BBR
has also been demonstrated to modulate lipid
metabolism disturbances in mice with HFD-induced
obesityl!ll. Our previous study has indicated that BBR
suppressed the inflammatory response via regulating
the gut microbiota in AOM/DSS-induced CRC mice
fed with a chow dietl2. Additionally, Wang et al.
have reported that BBR alleviated the development of
CRC in Apc min/+ mice fed with an HFD and
ameliorated perturbations in the enteric microbiome
community caused by an HFDU3. However, the
effects of BBR on HFD-associated colorectal tumouri-
genesis have not been sufficiently studied, and
whether the gut microbiota and its metabolites might
alter the potential effects of BBR remains largely
unclear.

Here, we hypothesized that BBR inhibited
HFD-associated colorectal cancer directly through
modulation of the gut microbiota and related metabo-
lites. To test our hypothesis, we used AOM/DSS-
treated Balb/c mice to confirm the inhibitory effect of
BBR on HFD-associated colorectal tumourigenesis.
We also performed 16S rRNA sequencing and liquid
chromatography/mass spectrometry (LC-MS) to
determine the regulatory effects of BBR on the gut
microbiota and metabolites in HFD-fed CRC model
mice. Subsquently, we determined BBR’s effects on
regulating the growth of colon cancer cells in vitro.
Furthermore, gut microbiome-depleted model mice
and fecal microbiota transplantation (FMT) experi-
ment were conducted to verify the crucial roles of the
gut microbiota in BBR treatment against HFD-
associated colorectal tumourigenesis.

Materials and Methods

Conventional AOM/DSS Induced CRC Mouse
Models

Male BALB/c mice at 8 weeks of age were

purchased from Shanghai B&K Co., Ltd. (Shanghai,
China). All mice were housed in the Laboratory Ani-
mal Center of Zhejiang Traditional Chinese Medical
University in a controlled environment (20 + 2°C with
a humidity of 50 £ 5% in a 12 h light/ dark cycle with a
normal diet (ND) or HFD). After adapting to the diet
for 7 days, the mice were randomly divided into three
groups (10 mice per group): an ND group, HFD group,
and HFD + BBR group. All mice received a single
intraperitoneal (i.p.) injection of AOM (10mg/kg,
Sigma-Aldrich, USA), followed by three cycles of DSS
(2%, MP Bio, USA) administered in the drinking
water for 7 days and normal drinking water for 14
days. Meanwhile, HFD+BBR group mice were treated
with BBR (100 mg/kg, Shanghai Yuanye
Bio-Technology Co., Ltd., China) by oral gavage once
daily for 10 weeks. ND group and HFD group mice
were gavaged with drinking water (Figure 1A).

To determine the gut microbiota involved in
BBR’s inhibition of HFD related colorectal tumouri-
genesis. We adapted male BALB/c mice to the HFD
for 7 days, then randomly divided into three groups
(10 mice per group): HFD group, HFD+Antibiotic
(HFD+ABX) group, and HFD +ABX+BBR group. All
mice were administered AOM and DSS according to
the previous method. HFD+ABX and HFD+ABX+
BBR group mice were given drinking water with an
antibiotics cocktail (0.2 g/L ampicillin, neomycin and
metronidazole, and 0.1 g/L vancomycin) to deplete
the gut microbiota for 2 weeks before the experiment,
and every other 2 weeks throughout the entire
experiment, as previously reported®l. HFD+ABX+
BBR group mice were treated with BBR (100 mg/kg)
by oral gavage once daily for 10 weeks. HFD group
and HFD+ABX group mice were gavaged with
drinking water (Figure 8A).

Fecal Microbiota Transplantation (FMT)
Experiment

To determine the direct contribution of BBR
regulated-gut microbiota to the effects aganist HFD-
related colorectal tumourigenesis, we treated male
BALB/c mice at 8 weeks of age with an antibiotics
cocktail for 2 consecutive weeks before FMT, then
divided the mice into 2 groups (8 mice per group) fed
with ND, and gavaged with fecal samples from
HFD-fed AOM/DSS model mice or HFD+BBR fed
AOM/DSS model mice. Briefly, 200 mg of stool
samples was homogenized in 1mL of PBS. Then
recipient mice were administered 0.2mL of the
suspension by gastric gavage for twice per week. All
mice also received AOM and DSS to induce colorectal
neoplasia. Mice were sacrificed at week 18 (Figure
8A).
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Western blot Analysis

Western blot analysis was performed as
described previously!'4. Briefly, colon or cell proteins
were subjected to SDS-PAGE and transferred to PVDF
membranes, which were sliced for concurrent
detection with different primary antibodies. p-actin
(1:1000, catalog no. 66009-1-Ig, Proteintech, USA),
Occludin (1:1000, catalog no. ab216327, Abcam, UK),
ZO-1 (1:1000, catalog no. ab216880, Abcam, UK),
PCNA (1:500, catalog no. AF0239, Affinity, USA),
IL-1p (1:1000, catalog no. 12242S, CST, USA), IL-6
(1:1000, catalog no. DF6087, Affinity Biosciences,
China), stat-3 (1:1000, catalog no. 12640S, CST, USA),
p-stat-3 (5727) (1:1000, catalog no. ET1607-39, Huabio,
China), non-phospho (Active) [-catenin (1:1000,
catalog no. 8814S, CST, USA) and TNF-a (1:1000,
catalog no. 41504, Signalway Antibody, USA). After
incubation with the primary antibodies overnight at
4°C, the signals were detected, and protein band
intensities were analyzed via densitometry in Image
Lab and quantified in Image] software separately.

Enzyme-Linked Immunosorbent Assay
(ELISA) Analysis

Cytokines including IL-1p, IL-6, TNF-a and
IFN-y in serum or intestinal tissue, and LPC in feces
were measured by ELISA kits provided by FANKEL
(Shanghai, China) according to manufacturer’s
instructions.

Hematoxylin and Eosin (HE) Staining

The paraffine embedded specimens of colon
were cut into 4-pm sections. After dewaxed, the
sections were stained with hematoxylin and eosin for
3-5 min, and then photographed and analyzed under
PANNORAMIC (3DHISTECH, Hungary) and Case-
Viewer2.4 (3DHISTECH, Hungary). As previously
reported#, the histology score consisted of a
composite scale which indicated the overall degree of
inflammation and dysplasia.

Immunohistochemistry Staining

Immunohistochemistry =~ was performed as
described previouslyl¥l. Antibodies used were listed
as below: PCNA antibody (catalog no. GB11010-1,
Wuhan Servicebio Technology, China), (-catenin
(abcam no. ab32572, Wuhan Servicebio Technology,
China). Then, the paraffin sections were digitally
scanned and analyzed under PANNORAMIC
(3DHISTECH, Hungary) and Halo (Indica labs, USA).

Immunofluorescence

For immunocytofluorescence, cells were fixed
for 20 min in 4% paraformaldehyde (Biosharp, China)
at room temperature for 20 min. After another two

washing steps with PBS, the cells were blocked with
blocking solution (Dawenbio, China) at room
temperature for 1 h. Subsequently, the cells were
washed twice with PBS. Samples were incubated at
4°C overnight with primary antibodies (Occludin
(1:200), ZO-1 (1:200) and E-cadherin (1:200, catalog no.
ab40772, Abcam, USA)) and then at room temperature
for 1h with secondary antibody (1:200, catalog no.
ab150077, Abcam, USA). The nuclei were stained with
Ipg/mL DAPI (Solarbio, China). Samples were
scanned with confocal laser scanning microscopy
(Leica TCS SP8). Five random fields from cell samples
were collected for further analysis.

Gut Microbiota Analysis

Bacterial genomic DNA was extracted from fecal
samples with an E.Z.N.A.®Stool DNA Kit (Omega,
USA) according to the manufacturer’s instructions.
Subsquently, 16S rDNA genes analysis was
performed as previously described[™l. In brief, the V3
- V4 region of the 165 rRNA was amplified by PCR
with the forward and reverse primers 341 (5'-CCT
ACGGGNGGCWGCAG-3) and 805R (5'-GACTAC
HVGGGTATCTAATCC-3'), respectively. After PCR
amplification, purification was performed with an
Agencourt AMPure XP purification kit (Beckman
Coulter Inc., Brea, CA, USA), and quantification was
performed with a Qubit (Invitrogen, USA) instru-
ment. Amplicons were then verified with an Agilent
2100 Bioanalyzer (Agilent, USA) and [llumina
sequencing (Kapa Biosciences, Woburn, MA, USA),
and the final results were further analyzed with the
NovaSeq PE250 platform.

High-Throughput Transcriptome Sequencing
(RNA-Seq) Detection

Total RNAs of colonic mucosa from HFD-fed
mice and HFD+BBR treated mice were sent to LC-Bio
Technology (Hangzhou, China) for sequencing and
analysis. Briefly, RNA was extracted with Trizol
reagent (Invitrogen, USA) according to the
manufacturer's procedure. After the isolated RNA
was purified by DNase, the quality and purity of RNA
collected were checked through the bioanalyzer 2010
and RNA 1000 Nano LabChip Kit (Agilent, USA).
Then, according to the protocol of RNA-Seq sample
preparation kit (Illumina, San Diego, USA), the
cleaved RNA was reverse transcribed to cDNA, and
paired terminal sequencing was performed on the
illumina Nova seq6000 (LC Sciences, USA), as
described previously4l.

Metabolomic Profiling

The collected intestinal tissue samples for
metabonomic analysis. The metabolites were
extracted with 120 pL of precooled 50% methanol,
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vortexed mixed for 1 min, and incubated at room
temperature for 10 min. After centrifugation at 4,000 g
for 20 min, the supernatants were transferred into
new 96 well plates. The samples were stored at -80 °C
before the LC-MS analysis. First, all chromatographic
separations were performed with an ultra-
performance liquid chromatography (UPLC) system
(SCIEX, UK). An ACQUITY UPLC T3 column (100
mm * 2.1 mm, 1.8 um, Waters, UK) was used for the
reversed phase separation. A high-resolution
TripleTOF 5600plus tandem mass spectrometer
(SCIEX, UK) was used to detect metabolites eluted
from the column. The Q-TOF was operated in both
positive and negative ion modes. LC-MS raw data
files were converted into mzXML format and then
processed with the XCMS, CAMERA, and metaX
toolbox implemented in the R software.

Cell Culture

Lysophosphatidylcholine (LPC) was purchased
from Avanti Polar Lipids (Merch, Darmastadt,
Germany). The normal intestinal epithelial cell line
IEC-6 cell and the CRC cell lines (HCT-116, HCT-8
and SW480 cells) were seeded at 20,000 cells/well in a
24-well plate. Cells were serum starved for 24 hours
and grown in RPMI 1640 medium supplemented with
either 0.1% fatty acid-free bovine serum albumin or
LPC (10 pmol/L and 20 pmol/L) in 0.1% fatty
acid-free bovine serum albumin for up to 3 days. For
cell counting, cells were trypsinized, and the number
of cells was recorded at the end of the experiment.
Cells were fixed in 70% ethanol overnight, stained
with propidium iodide, and analyzed with flow
cytometry. For western blotting analysis, 50,000 cells
were seeded per well of a 12-well plate and treated as
indicated. Finally, cells were rinsed, scraped, and
collected for western blotting analysis.

RAW 264.7 mouse macrophages were obtained
from the Chinese Academy of Sciences Cell Bank and
cultured at 37 °C under 5% CO,/95% air in Dulbecco’s
Modified of Eagle’s Medium (DMEM) containing 10%
(v/v) heat inactivated FBS. A total of 5x105 cells were
seeded per well of a 24-well plate with (10 pmol/L
and 20 pmol/L) or without LPC, and grown for up to
3 days. Subsequently, cells were collected for western
blotting analysis.

To establish a cell co-culture system, we used
Transwell chambers (0.4 pm, 6.5mm). The bottom
chamber was filled with HCT-116, HCT-8 or SW480
cells, and RAW 264.7 mouse macrophages were
suspended in the upper chamber. After culturing for 3
days in a 5% CO», 37 °C incubator, cells in the bottom
chamber were collected for immunofluorescence.

Statistical Analysis

SPSS 23.0 software (IBM, Chicago, IL, USA) was
used to analyze the data, and the normality and
homogeneity of variance of the data were tested
before further analysis. Generally, for comparisons of
more than two groups, an analysis of variance
(ANOVA) was used. Differences between two groups
were performed with t-test analysis. When the data
were skewed or the variance was not uniform,
nonparametric tests were used to analyze significant
differences between groups. Comparisons of catego-
rical variables between 2 groups were performed
using chi-square test or Fisher exact test. Graphing
was performed in GraphPad Prism 8.0 software (La
Jolla, CA, USA). All the data were shown as the mean
+ SD. P-value less than 0.05 was considered
statistically significant.

Results

BBR inhibits HFD-associated colorectal
tumourigenesis in mice

To study the effect of BBR on HFD-associated
colorectal tumourigenesis, we fed AOM/DSS treated
Balb/c mice an HFD, with or without BBR
administration (Figure 1A). The survival rate was
significantly higher in BBR treated HFD-fed mice than
in control mice receiving only the HFD (p < 0.05,
Figure 1B). The colon length was longer (p < 0.05), and
the colorectal tumor number was lower (p < 0.001), in
HFD-fed mice with than without BBR (Figure 1C-E).
On the basis of microscopic histological examination,
the histology scores in mice fed an HFD were
significantly higher than those in mice fed an ND or
HFD+BBR (both p < 0.01, Figure 1F). The proliferation
of colonic epithelial cells in HFD-fed mice was greater
than in the ND-fed mice (p < 0.01) and HFD+BBR-fed
mice (p < 0.001), as manifested by markedly higher
histochemistry scores for proliferating cell nuclear
antigen (PCNA), a marker of proliferating cells
(Figure 1G).

BBR suppresses inflammatory cytokines and
repairs gut barrier function in
AOM/DSS-treated mice fed an HFD

To investigate the effects of BBR on
inflammatory response, we measured the levels of
inflammatory cytokines in the serum and colon. The
level of serum interleukin-6 (IL-6) was markedly
higher in HFD-fed mice than ND-fed mice (p < 0.001).
However, the serum IL-1B (p < 0.01), IL-6 (p < 0.05),
and INF-y (p < 0.01) concentrations were significantly
decreased after BBR treatment in HFD-fed mice
(Figure 2A). Additionally, IL-1p, IL-6, and tumor
necrosis factor-a (TNF-a) in colonic tissue were more
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elevated in HFD-fed mice than ND-fed mice (all p <
0.05), and BBR clearly suppressed the expression of
colon IL-6 and TNF-a in HFD-fed mice, according to
western blotting (all p < 0.05, Figure 2B). Previous
studies have reported that activation of the
IL-6/STAT3 signaling pathway was involved in the
development of colitis and colitis-associated cancer*>
16, Thus, we examined the expression of STAT3 and
phospho-STAT3 (p-STATS3) in the colonic epithelium.
Clear p-STAT3 elevation was observed in HFD-fed
mice compared with ND-fed mice, and BBR
effectively inhibited p-STAT3 expression in colonic
tissue (p < 0.01, Figure 2C).

Moreover, studies have shown that an HFD
impaired gut barrier functionl®17l. To confirm whether
BBR might repair the gut barrier function damage
induced by HFD in AOM/DSS treated mice, we

proteins in HFD-fed mice with or without BBR
treatment. The levels of Zonula occludens-1 (ZO-1) (p
< 0.001) and occludin (p < 0.01) in colonic tissue were
significantly lower in HFD-fed mice than ND-fed
mice (Figure 2D). After BBR treatment of HFD-fed
mice, the expression of ZO-1 (p < 0.05) and occludin (p
< 0.001) were markedly increased, on the basis of
western blotting (Figure 2D). These results indicated
that BBR may repair gut barrier function via
suppressing inflammatory pathways, such as the
IL-6/p-STAT3 signaling pathway, thereby inhibiting
HFD-associated colorectal tumourigenesis.

BBR regulates gut microbiota dysbiosis
induced by an HFD in AOM/DSS treated mice

To explore the potential role of gut microbiota
alterations in BBR’s suppression of HFD-associated

observed the expression of colon tight junction ~CRC development, we performed 165 rRNA
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sequencing on fecal samples from ND-fed, HFD-fed,
and HFD+BBR-fed AOM/DSS treated mice. PCA
analysis (beta diversity) indicated significant differ-
ences in the clustering of the gut microbiota among
the three groups (p = 0.001, Figure 3A). Lower
bacterial richness (p < 0.001) and bacterial diversity (p
< 0.05) were observed in HFD-fed mice than ND-fed
mice (Figure 3B). Interestingly, BBR treatment further
significantly decreased the bacterial richness (p < 0.05)
and diversity (p < 0.001) in AOM/DSS mice fed an
HFD (Figure 3B). Specifically, the abundance of
Verrucomicrobia at the phylum level was enriched
obviously after BBR treatment in mice fed with HFD
(Figure 3C). The abundance of the top 30 genera with
total coverage exceeding 85% (between ND-fed and
HFD-fed mice) or 93% (between HFD-fed and
HFD+BBR-fed mice) was visualized with a heat map

(Figure 3D). The abundances of potential pathogenic
bacterial genera including Escherichia-Shigella and
Clostridium_sensu_stricto_1 was significantly enriched,
and that of beneficial bacteria such as Prevotellaceae_
UCG-001 and Lachnospiraceae_NK4A136_group was
lower in HFD-fed mice than ND-fed mice (both p <
0.01); Interestingly, the protective bacterial genera,
Akkermansia (p < 0.01) and Parabacteroides were
enriched, and potentially pathogenic bacterial
including Alistipes and Clostridium_sensu_stricto_1
markedly decreased after BBR administration in mice
fed with HFD (others p < 0.05, Figure 3F, Table S1).
Together, these results suggested that the gut
microbiota may play an important role in mediating
BBR’s effect against HFD-associated CRC develop-
ment.
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BBR alters gut microbiota related metabolites
in AOM/DSS treated mice fed with HFD

Considering the regulatory roles of the
microbiota in metabolites, we performed metabolic
profiling of the fecal samples from ND-fed, HFD-fed,
and HFD+BBR-fed mice treated with AOM/DSS by
using LC-MS, to uncover metabolic changes induced
by BBR treatment in HFD-associated CRC model
mice. The fecal metabolic profiles significantly

differed between ND-fed and HFD-fed mice (Figure
4A1), and between HFD-fed and HFD+BBR-fed mice
(Figure 4A2), according to unsupervised PCA
analysis. Differential fecal metabolites were also
identified between two groups (Figure 4B1-2), and
were found to be enriched in different metabolomic
signaling pathways. Among these pathways, glycero-
phospholipid metabolism was the top altered
pathway in mice fed with HFD compared to that fed
with ND mice (Figure 4C1). Interestingly, glycero-
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phospholipid metabolism was also the top altered  the most negative correlation with LPC and acetalde-
pathway in mice fed with HFD after BBR treatment  hyde, whereas two pathogenic bacteria, Clostridium_
(Figure 4C1). Through further analysis of the top  sensu_stricto_1 and Alistipes, were enriched in
pathway, lysophosphatidylcholine (LPC), acetalde- HFD-fed mice, and were positively associated with
hyde and lysophosphatidic acid (LPA) were found to  LPC and acetaldehyde (Figure 4E). LPC has been
significantly decrease in HFD-fed mice after BBR  documented to exert epigenetic effects often
administration (Figure 4D, Table S2). associated with tumourigenesis’® 1°1. Therefore, we
To determine the potential association between  verified that the LPC content in the intestine of mice
microbiota and metabolites, we analyzed the relation-  fed with HFD was significantly higher than that in
ships among differentially present bacteria and  mice fed with ND, and that BBR treatment clearly
metabolites through partial Spearman’s correlation  suppressed the content of LPC in HFD-fed mice (both
analysis. Akkermansia had the highest abundance p <0.01, Figure 4F).
among bacterial genera after BBR treatment and had
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The BBR-associated differential metabolite
LPC contributes to cell proliferation and cell
junction impairment

To explore the potential functional roles of LPC
in CRC development, we directly treated three CRC
cell lines (HCT-116, HCT-8 and SW480) and a normal
intestinal epithelial cell line (IEC-6) were directly
treated with LPC. LPC obviously promoted
proliferation of CRC cells and normal intestinal
epithelial cell (Figure 5A). Cell cycle experiments
suggested that LPC treatment, compared with a
negative control, accelerated the cell cycle progression
of IEC-6, HCT 116, and HCT-8 cells from G1 to S
phase (Figure 5B). In addition, the expression of
B-catenin and PCNA significantly increased after LPC
administration in HCT-116 and HCT-8 cells (Figure
5C, Figure S1).

Moreover, to confirm whether LPC has a
regulatory role on inflammatory pathways and
intestinal epithelial barrier function, we used LPC to
treat Raw264.7 cells. IL-6 and p-STAT3 proteins were
obviously up-regulated by LPC treatment (Figure
5D), thus indicating that LPC plays a catalytic role in
the IL-6/p-STAT3 pathway. Subsequently, we
co-cultured Raw264.7 cells with HCT-8 or HCT-116
cells. Immunofluorescence indicated that LPC
treatment markedly decreased the proteins of
occludin and E-cadherin in HCT-8 or HCT-116 cells
(Figure 5E). In summary, these results indicated that
the inhibitory role of BBR in the progression of
HFD-associated CRC, occurred at least partly through
the regulation of glycerophospholipid metabolism
through suppressing the content of LPC in the
intestines.

BBR inhibits oncogenic pathways and pro-
inflammatory signaling genes in HFD-fed mice

To comprehensively understand the molecular
mechanism through which BBR inhibits HFD-
associated colorectal tumourigenesis, we performed
RNA sequencing analysis of the gene expression
profiles of colonic epithelium in HFD-fed mice with or
without BBR treatment. The differentially expressed
genes involved in pathways in cancer and
pro-inflammatory responses were identified with
|logFC| >3 and adjusted p < 0.01. The data for cancer
associated genes revealed 18 up-regulated and 2
down-regulated genes in HFD-fed mice compared to
HFD-fed mice treated with BBR (Figure 6A, Table S3).
Enrichment analysis indicated that Wnt/p-
catenin signaling was the main pathway through

which BBR inhibits intestinal tumorgenesis (Figure
6B). In addition, the data for pro-inflammatory
response genes indicated 14 up-regulated and 4
down-regulated genes in HFD-fed mice compared
with HFD-fed mice with BBR treatment (Figure 6C,
Table S4). Meanwhile, multiple pathways, including
NF-kappa B signaling and IL-17 signaling, were found
to be involved in BBR’s anti HFD-associated colorectal
tumourigenesis (Figure 6D). Furthermore, signifi-
cantly lower protein expression of B-catenin and IL-17
was observed in HFD-fed mice treated with BBR than
in HFD-fed mice, according to immunohistochemistry
and ELISA analysis, respectively (Figure 6E-G).
Together, the results suggested that BBR inhibits
HFD-associated colorectal cancer through sup-
pressing the Wnt and IL-17 signaling pathways.

Antibiotics attenuate the inhibitory effect of
BBR on HFD-associated colorectal
tumourigenesis in mice

To determine whether the gut microbiota is
involved in BBR’s inhibition of HFD related colorectal
tumourigenesis, we used antibiotics to deplete the gut
microbiota, and then observed the regulatory effects
of BBR on the progression of intestinal tumors in
HFD-fed mice (Figure 7A). As in previous studiesl® 2],
antibiotics effectively decreased the number of colon
polyps and alleviated the shortening of the colon
length in HFD-fed mice. However, no differences
were observed in colon length and colon polyp
numbers between HFD+ABX mice and HFD+ABX+
BBR mice (Figure 7B-D). HE staining showed that
antibiotics markedly decreased the histology scores of
the intestinal mucosa in HFD-fed mice (p < 0.01),
whereas BBR did not further decreased the
histological scores after antibiotics treatment (Figure
7E, F). Meanwhile, in colonic tissue, the protein
expression of PCNA was significantly lower, and that
of occludin was markedly higher in HFD+ABX mice
and HFD+ABX+BBR mice than in HFD group mice (p
< 0.01), whereas no difference was observed in
antibiotics treated HFD-fed mice with or without BBR
administration (Figure 7G, H). Additionally, to clarify
the effect of antibiotics on BBR’s regulation of LPC
expression, we determined the content of LPC in the
intestines with or without BBR treatment in HFD-fed
mice under antibiotics intervention, and observed no
significant differences (Figure 7I). These results
indicated that the gut microbiota mediates the
inhibitory effect of BBR on HFD-associated colorectal
tumourigenesis.
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Figure 5. The BBR-associated differential
metabolite LPC contributes to cell
proliferation and cell junction impairment.
(A) Cell growth curves of the CRC cell lines
HCTI116, HCT-8, SW480, and the normal
intestinal epithelial cell line IEC-6, with or
without LPC treatment. (B) HCT 116 cells
and HCT 8 cells with or without LPC
treatment were analyzed with flow
cytometry. (C) Expression of B-catenin and
PCNA in HCT 8 cells and HCT 116 cells
with or without LPC treatment. (D)
Expression of IL-6 and p-STAT3 in Raw
264.7 cells with or without LPC treatment.
(E) Expression of occludin and E-cadherin in
HCT-8 cells and HCT-116 cells co-cultured
with Raw264.7 cells with or without LPC
treatment. ("p < 0.05, *p < 0.001, **p <
0.001).
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Figure 6. BBR inhibits oncogenic pathways and pro-inflammatory signaling genes in HFD-fed mice. (A) Differentially expressed genes of the colonic epithelium involved in cancer
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of IL-17 in the serum and colon tissues between groups. (*p < 0.05, **p < 0.001).
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FMT recapitulate the inhibitory effects of BBR
on colorectal tumourigenesis in mice fed with
HFD

To further validate the contribution of the BBR
regulated gut microbiota to HFD-associated colorectal
tumourigenesis, we transferred fecal samples from
HFD-fed mice, with or without BBR administration, to
AOM/DSS-induced CRC mice with microbiota
depletion through antibiotics treatment (Figure 8A).
Given that BBR bioavailability is very low in vivol?!
2], high concentrations of BBR might have remained
in the stool. To determine the content of BBR
remaining in the stool before FMT, we used LC-MS to
confirmed that the content of BBR remaining in fecal

suspension was approximately 170 ug/ml on the
basis of comparison with a BBR standard sample,
which was significantly lower than the concentration
of BBR (100mg/kg/d) directly treated in HFD-fed
mice (Figure 8B). Therefore, the FMT experiments
excluded a direct anti-tumor effect of BBR treatment.
Although FMT(HFD) mice showed no difference in
colon length with respect to FMT(HFD+BBR) mice
(Figure 8C), stools from the HFD+BBR group mice led
to markedly decreased colonic polyp numbers (p <
0.01) and lower intestinal mucosa histological scores
(p < 0.01) in FMT(HFD+BBR) mice than FMT(HFD)
mice (Figure 8D-F). Moreover, stools from HFD+BBR
mice, compared with HFD-fed mice, significantly
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suppressed the PCNA expression and increased
occludin in colonic tissue (Figure 8G). Mechanically,
to understand how BBR regulated gut microbiota/
metabolites inhibited HFD-associated colonic prolife-
ration, we further examined the oncogenic and
inflammatory pathways closely associated with the
effects of BBR against HFD-associated colorectal
tumourigenesis. The expression of P-catenin and
p-STAT3, which are involved in the Wnt and
IL-6/STAT3 signaling pathways, was lower in
FMT(HFD+BBR) mice than FMT(HFD) mice (Figure
8H, I). These data indicated that BBR-regulated gut
microbiota/metabolites directly inhibited HFD-asso-
ciated colorectal tumourigenesis and repaired gut
barrier damage.

To verify whether the microbiota successfully
colonized in the gut after FMT, we used 16S rRNA
sequencing to determine the structure and
composition of the gut microbiota after FMT
treatment. The composition of the gut microbiota
significantly differed between FMT(HFD) mice and
FMT(HFD+BBR) mice (Figure 8]). Furthermore, we
evaluated the abundance of genus level and found
enrichment in the beneficial bacteria Akkermansia in
FMT(HFD+BBR) mice (p < 0.01, Figure 8K), and in the
potential pathogenic Alistipes in FMT(HFD) mice (p <
0.001, Figure 8L). Moreover, to clarify the regulatory
effects of the gut microbiota on metabolites, we
detected the LPC levels in recipient mice and found
that stools from HFD+BBR mice resulted in
significantly lower LPC content than stools from
HFD-fed mice (p < 0.001, Figure 8N). These findings,
combined with the microbiota results, clarified the
roles of both the altered gut microbiota and its related
metabolite LPC in BBR’s effects against
HFD-associated colorectal tumourigenesis.

Discussion

Clinical studies have confirmed that a Western
diet is associated with an elevated risk of CRC in
humans. Epidemiological data have indicated that an
HFD often leads to obesity and increases the risk of
colon cancer in men by 30-70%[%. Meanwhile,
growing evidence indicates that HFD promotes
colorectal tumourigenesis by increasing intestinal
inflammation through modulating the gut microbiota
and related metabolitesl® 24]. Therefore, effective drugs
are urgently needed for the prevention and treatment
of HFD-associated CRC. BBR, a regulator of the gut
microbiota, has been reported to increase the
abundance of beneficial bacteria while suppressing
the abundance of pathogenic bacterial'* . BBR is
currently widely used in the treatment of intestinal
infection, and has been found to be safe and effective

in decreasing the risk of colorectal adenoma
recurrence in clinical settings[?l. Although BBR has
been observed to have substantial therapeutic poten-
tial for HFD-associated colorectal tumourigenesis, the
therapeutic mechanism remains to be fully clarified.
Notably, whether BBR altered the gut microbiota and
associated metabolites was unclear.

Our study revealed that BBR effectively
inhibited colorectal tumourigenesis by modifying the
gut microbiota and its metabolites in HFD-fed mouse
models. BBR was found to significantly inhibit
intestinal inflammatory and oncogenic pathways,
alleviate epithelial barrier damage, and enrich
bacteria involved in glycerophospholipid metabolism
in HFD-fed CRC model mice However, BBR
treatment of mice with gut microbiota-depletion
showed no significant effects against HFD-associated
colorectal tumourigenesis. Notably, transplantation of
feces from BBR-treated HFD-fed mice to CRC model
mice with microbiota-depletion inhibited colorectal
tumourigenesis and LPC concentration. To our
knowledge, this study is the first to reveal the
association between BBR and the gut microbiota in the
regulation of glycerophospholipid metabolism and
HFD-associated colorectal tumourigenesis.

BBR treatment significantly altered the structure
of the gut microbiome in HFD-fed mice, mainly by
changing the number of OTUs, microbiome diversity,
and taxa richness. Specifically, BBR clearly enriched
the abundance of Verrucomicrobia at the phylum level.
Significant changes were also observed at the genus
level; the relative abundances of Escherichia-Shigella
and Clostridium_sensu_stricto_1 enriched in HFD-fed
mice, but, together with Alistipes, decreased in BBR
treated HFD-fed mice, whereas beneficial gut micro-
organisms, such as Akkermansia and Parabacteroides,
significantly increased.

The Akkermansia, genus had the highest
abundance (over 55%) after BBR treatment in this
study, and has been proved to suppress the inflam-
matory response, elevate SCFAs, and regulate im-
mune functions in several studies?-?l. Importantly, a
growing body of evidence indicates that Akkermansia
inhibits the occurrence and development of CRCI30.31],
A recent study has reported that Baitouweng
decoction significantly alleviates the inflammatory
symptoms of mice with acute colitis by increasing
Akkermansia  and suppressing the IL-6/STAT3
pathway!®l. Similarly, our study showed that BBR
effectively increased Akkermansia abundance and
inhibited the L-6/STAT3 pathway in AOM/DSS mice
fed with HFD, thus indicating a potential mechanism
underlying BBR’s prevention of tumor progression.
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B-catenin: bar=200um, (40um % 5). (I) Expression of p-STAT3 in colon tissues. (J) Principal component ordination analysis of the gut microbiota between the two groups. (K)

Relative abundance of Akkermansia in stool samples of FMT(HFD) mice and FMT(HFD+

BBR) mice. (L) Relative abundance of Alistipes in stool samples of FMT(HFD) mice and

FMT(HFD+BBR) mice. (N) Mouse stool LPC concentrations in the two groups. (*p < 0.05, *p < 0.001, **p < 0.001).

In addition, the abundance of Alistipes,
Escherichia-Shigella, and Clostridium_sensu_stricto_1 is
greatly increased in patients with CRC, and
colonization of these bacteria in CRC model mice has
been found to accelerate tumor progression!33-35l.
Multi-cohort analysis of the CRC metagenome has
identified that Alistipes may be used as a potential
bacterial marker for clinical CRC diagnosis[®l. Studies
have confirmed that Alistipes finegoldii, a species of the
Alistipes, promotes right sided CRC through

activation of the IL-6/STAT3 pathway!®”l. Moreover,
an experimental study has found that high abundance
of Escherichia/Shigella was closely associated with the
activation of the Wnt pathway in Sirt3-deficient CRC
model micel®®l. Given the strong association between
Clostridium_sensu_stricto_1 and inflammation-associ-
ated genes such as REG3G, CCLS, and IDO1, this
bacterium appears to promote the development of
colitis®l. In our study, BBR treatment effectively
decreased the abundance of the above pathogenic
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bacteria, and of intestinal inflammatory factors
including IL-1p, IL-6, and INF-y, and also suppressed
the IL-6/STAT3 and Wnt signaling pathways in CRC
model mice fed with HFD. Additionally, Parabacter-
oides, a promising probiotic candidate, has been
demonstrated to have a protective role in colonic
tumourigenesis and intestinal epithelial barrier
maintenance in AOM-treated mice with HFDI40l,

Moreover, the Akkermansia genus, which had the
highest enrichment after BBR treatment, was
negatively associated with LPC. Although no
definiteive evidence indicates that Akermancia directly
regulates glycerophospholipid metabolism, relevant
studies have reported that decreased relative
abundance of Akkermansia is associated with increased
content of LPC in ApoE~/- mice with atherosclerosis
co-depression/*ll. ~ Similarly, other studies have
revealed that drugs regulate the abundance of
Akkermansia while modulating the concentration of
LPC in the gutt> 43l Together, these results indicate
that Akkermansia may have a major regulatory effect
on glycerophospholipid metabolism, particularly in
regulating LPC concentration. Furthermore, a study
of the effects of an HFD in promoting colorectal
tumourigenesis has shown that Parabacteroides
depletion is negatively associated with both LPC and
LPAMI. Therefore, our findings indicated that BBR
against HFD-associated tumourigenesis was closely
associated with alterations in the regulation of
glycerophospholipid metabolism, in a manner
dependent on the regulatory effect of BBR on the gut
microbiota.

Recent studies have confirmed that glycerophos-
pholipid metabolism was involved in the
pathogenesis of various diseases, including obesity,
hyperlipidemia, type 2 diabetes, colitis, and colorectal
carcinogenesis*>#. Multiple studies have proved that
glycerophospholipid metabolism was involved in the
occurrence and development of CRC, and several
drugs have anti-CRC therapeutic roles through
regulating this metabolic pathway!® 51 More
importantly, LPC, an important metabolite in
glycerophospholipid metabolism, has been demons-
trated to increase the inflammatory response in vitro
and in vivo; in addition, its content in the intestines is
regulated by the gut microbiotal®2. In our research, we
discovered that the concentration of LPC was
markedly elevated in HFD-fed mice with intact gut
microbiota, and BBR effectively reversed this change.
In addition, LPC effectively promoted CRC cell
proliferation, hyperactivation of inflammatory cyto-
kines, and impairment in epithelial cell junctions in
vitro. Interestingly, in gut microbiome-depleted
HFD-fed mice, BBR did not decrease the LPC
concentration, and a loss of anti-tumor effects was

observed. Taken together, these results indicated that
BBR regulated HFD-induced gut microbiota and
related metabolism dysregulation, thus decreasing the
concentration of oncogenic LPC, suppressing cell
proliferation, and improving the gut barrier, thereby
inhibiting HFD-associated colorectal tumourigenesis.
Finally, we explored the direct effect of BBR
regulated-gut microbiota on the colonic mucosa in gut
microbiome-depleted mice fed an ND. Compared to
mice receiving stool from HFD mice, mice receiving
stool from HFD+BBR mice fed an ND had lower LPC
concentrations in the gut, and showed significantly
fewer colonic polyps and less cell proliferation, thus
suggesting a direct role of BBR regulated-gut
microbiota in contributing to the inhibition of CRC
development. Mechanistically, we found that the BBR
regulated-gut microbiota inhibited the IL-6/STAT3
and Wnt signaling pathways, which are involved
primarily in regulating cell proliferation. Simultane-
ously, the BBR regulated gut microbiota also
effectively improved epithelial cell junctions and
protected intestinal integrity. Previous studies have
shown that the gut microbiota regulates oncogenic
genes and inflammatory factorsi®® %4. Futhermore,
transplanting stools from BBR treated colitis mice to
germ-free mice has been found to down-regulate
intestinal inflammation and improve the intestinal
mucosal barrier?> %I, thus supporting our observa-
tions in this study. Additionally, gut microbiota
analysis indicated a significant difference in gut
microbiota composition between HFD-FMT mice and
HFD+BBR-FMT mice, thus indicating that regulation
of the gut microbiota may be an important factor in
BBR’s improvement of intestinal barrier function and
inhibition of tumor progression. Collectively, our
fingdings indicated that oral BBR modulated the gut
microbiota/metabolites ~ imbalance caused by
excessive dietary fat, thus inhibiting cell proliferation,
alleviating gut barrier dysfunction, and ultimately
preventing the progression of CRC development.

Conclusion

Our study indicated that BBR treatment
regulated the gut microbiota, suppressed LPC
production, and inhibitd HFD-associated colorectal
tumourigenesis. CRC model mice with gut microbiota
depletion showed no difference in LPC concentration
with or without BBR administration, and BBR
treatment did not further inhibit HFD-associated
tumor progression in antibiotic treated CRC model
mice. Transplantation of fecal microbiota from
HFD-fed mice and HFD-fed+BBR treated mice to gut
microbiota depleted CRC model mice recapitulated
the inhibitory effects of BBR on colorectal
tumourigenesis and LPC levels, thereby indicating a
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direct link between BBR-regulated gut microbiota and
HFD-associated colorectal tumourigenesis. These
findings are the first to demonstrate that BBR inhibits
HFD-associated CRC directly through modulating the
gut microbiota-mediated LPC formation. Our data
provided insights supporting the future application of
BBR as a gut microbiota regulator in the clinical
treatment of CRC, particularly for patients who prefer
a Western diet.
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