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Inflammation is an important risk factor in the development of inflammatory bowel disease (IBD)
and colitis-associated colorectal cancer (CAC). Accumulating evidence indicates that some
phytochemicals have anti-cancer properties. Polysaccharides extracted from Albuca bracteata
(AB) have been reported to possess anti-neoplastic activities on colorectal cancer (CRC)
models. However, it is still unclear whether they exert therapeutic effects on colorectal cancer. In
this study, we investigate the properties of polysaccharides of A. bracteate, named ABP. The
average molecular weight of ABP was 18.3 kDa and ABP consisted of glucose, mannose,
galactose, xylose, galacturonic acid, glucuronic acid at a molar ratio of 37.8:8:2.5:1.7:1:1. An
Azoxymethane/Dextran sodium sulfate (AOM/DSS) induced CAC mouse model was
established. The CAC mice treated with ABP showed smaller tumor size and lower tumor
incidence than untreated ones. ABP increased anti-inflammatory cytokine IL-10, inhibited
secretion of pro-inflammatory cytokines (IL-6, IFN-γ, and TNF-α), mitigated oxidative stress by
increasing GSH and decreasing MDA levels, suppressed the activation of STAT3 and
expressions of its related genes c-Myc and cyclin D1. Moreover, ABP treatment increased
the relative abundance of beneficial bacteria (f_Ruminococcaceae, g_Roseburia,
g_Odoribacter, g_Oscillospira, and g_Akkermansia) and the levels of fecal short-chain fatty
acid (SCFA) in CAC model mice. In summary, our data suggest that ABP could be a potential
therapeutic agent for treating CAC.

Keywords: colitis-associated colorectal cancer, CAC, polysaccharides, anti-inflammation, anti-oxidant, anti-tumor,
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INTRODUCTION

Colorectal cancer (CRC) is the third most common cause of tumor-related death worldwide (Siegel
et al., 2021). Accumulating evidence reveals that inflammation is a vital factor that contributes to
CRC development and growth, and inflammatory bowel disease (IBD) is a known risk factor for
colitis-associated colorectal cancer (CAC) (Ullman and Itzkowitz, 2011; Robles et al., 2016). The
Azoxymethane/Dextran sodium sulfate (AOM/DSS) mouse model is commonly used for studying
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colitis-related carcinogenesis and cancer-preventive intervention.
Application of the AOM/DSS model has been used to unravel the
pathogenesis of CAC from the perspectives of signaling pathways
(Fukata et al., 2007; Grivennikov et al., 2009), anti-oxidant
machinery (Barrett et al., 2013) and the influence of gut
microbiota (Uronis et al., 2009).

CAC development is closely associated with gut flora (Kang
and Martin, 2017), and the gut microbiota of CAC is altered
with decreased probiotic bacteria (Li et al., 2019) concurrently
with enriched pathogenic and opportunistic bacteria
(Chattopadhyay et al., 2021). Dysbiosis of gut microbiota
increases intestinal permeability, allowing microbial products
and microbes to translocate from intestinal lumen to mucosa.
After recognizing microbes via the Toll-like receptor, intestinal
immune cells and epithelial cells activate downstreammolecules
of inflammatory signaling pathways, including STAT3
(Waldner and Neurath, 2015). The transcriptional activity of
STAT3 involves multiple cellular processes, such as cell survival,
proliferation, angiogenesis, and immune evasion (Yu et al.,
2009; Yu et al., 2014). Accumulation of pathogenic bacteria
ultimately provides a proinflammatory environment that favors
tumor promotion (Papapietro et al., 2013). While probiotics like
Lactobacillus or Bifidobacterium exerts anti-cancer roles by
inhibiting inflammation and angiogenesis, and modulating
the intestinal barrier function by generating short-chain fatty
acids (SCFAs) (Zhong et al., 2014). Numerous studies have
indicated that gut microbiota plays a critical role in host
metabolism and immune system development. Thus,
regulating the balance of gut microbiota may be
therapeutically viable and promising for IBD and CAC
treatment (Song et al., 2018).

Polysaccharides have attracted increasing attention for their
therapeutic activity in cancer treatment with few side effects.
Several polysaccharides have been used to prevent and treat CAC
(Sanders et al., 2016; Ji et al., 2018). Studies have shown that
polysaccharides attenuate intestinal mucositis with immuno-
modulatory, various pharmacological effects and anti-
neoplastic effects (Liu et al., 2018b; Ren et al., 2018). Zou
et al. reported that Ficus carica polysaccharides elevated the
expression of tight junction protein Claudin-1 and inhibited
the formation of cytokines (TNF-α and IL-1β) to prevent
DSS-induced colitis in C57BL/6J mice (Zou et al., 2020). Liu
et al. reported that tea polysaccharides inhibited colon
tumorigenesis in mice by regulating signaling pathways (Liu
et al., 2018c).

Albuca bracteata (Thunb.) J.C.Manning and Goldblatt (AB)
has long been cultivated in China and used as an herbal remedy
for diabetes, hepatitis, cancers, and other diseases (Zhang et al.,
2017). In many parts of China, particularly in the southeast
region, bulbs of AB are commonly used as a dietary therapy
for improving anti-tumor immunity and relieving tumor-
induced pain or side effects of chemotherapy. In a previous
study (Yuan et al., 2021), ABP showed anti-tumor effects on a
homograft CRC mouse model, indicating that ABP may be a
potential anti-tumor therapeutic agent for treating CRC.
However, it is still unclear whether ABP exert therapeutic
effects on CAC.

In this study, the molecular composition of ABP was analyzed,
and treatment effects and potential mechanisms of ABP against
tumor were explored in an AOM/DSS-induced CACmice model.
The results showed that ABP exhibited various bio-activities,
including anti-inflammation, anti-oxidant, regulating gut
microbiota, and anti-tumor effects. ABP could be a valuable
therapeutic agent for CAC and a good candidate for agents in
medicine and functional foods.

MATERIALS AND METHODS

Extraction of ABP
ABP was extracted and purified as previously described by Chen
et al. (Chen et al., 2012) with minor modifications. Briefly, bulbs
of AB were washed and sliced into small pieces, dried at 60°C for
48 h and then ground in a high-speed disintegrator. The dried AB
powder (particle size: 0.6 mm) was soaked overnight in 95%
ethanol at a ratio of 1:10 (weight/volume) to remove
oligosaccharides, small molecule chemicals and colored
materials. Then the pretreated powder was oven-dried at 60°C
overnight. The powder was extracted with distilled water for 3 h
using the Soxhlet apparatus at 95°C, and the extracts were
collected, filtrated, and concentrated using a rotary evaporator.
ABP was precipitated by adding ethanol to the final concentration
of 75% by volume, and the ABP was collected after centrifugation
and dried under nitrogen gas flow.

Analysis of Chemical Compositions
The total carbohydrate content of ABP was determined by the
phenol sulfuric acid method (Liu et al., 2020). The uronic acid
content was quantified via the m-hydroxydiphenyl method as
previously described by Liu et al. (2021b) using D-glucuronic acid
as the standard. The protein content was measured using
Bradford’s method (Wu et al., 2019). The characteristics of
chemical groups and bonds in ABP were determined using the
Fourier transform-infrared (FT-IR) spectroscopy (BRUKER
Tensor 27, Ettlingen, Germany) and KB-disk method and
recorded in the frequency range of 4,000–500 cm−1.

Molecular Weight of ABP
The average molecular weight (Mw) of ABP was measured via
high-performance gel-permeation chromatography (HPGPC)
using an Agilent 1,260 Infinity Ⅱ HPLC system, equipped with
a TSK-GEL G4000 PWXL column (Φ7.8 mm × 300 mm, TOSOH,
Japan) and the Agilent 1260-RID detector, eluted with Na2SO4

solution (0.1 M). A standard curve of molecular weight was
established using Dextran standards (180 Da, 4.6 kDa, 7.1 kDa,
21.4 kDa, 41.1 kDa, 150 kDa, and 2000 kDa).

Monosaccharide Composition
The monosaccharide composition of ABP was analyzed based on
a previously described method (Wu et al., 2019) with some
modifications. Briefly, the sample ABP was hydrolyzed in
trifluoroacetic acid (2 M) at 120°C for 3 h. The filtered
hydrolysate was analyzed by an Agilent 1,260 Infinity Ⅱ HPLC
system equipped with a Hypersil ODS-2 column (5 μm, 4.6 mm ×
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250 mm) and Agilent 1260-DAD detector. The optimal analysis
conditions were set as follows. The eluent was 0.05 M phosphate
buffer solution (pH 6.8) and acetonitrile (83:17, v/v), the flow rate
was 0.8 ml/min, injection volume was 10 μl, monitored
absorbance was 254 nm.

Animal Studies
Animal experiments were performed according to protocols
approved by the Institutional Animal Care and Use
Committee of Wenzhou Medical University (wydw
2021–0224). Female BALB/c mice (4–5 weeks old) purchased
from Laboratory Animal Center of Wenzhou Medical University
were randomly divided into four groups: the normal group, A/D
group (AOM/DSS), ABP-L group (AOM/DSS +0.5 mg/ml ABP),
and ABP-H group (AOM/DSS +1 mg/ml ABP). On the first day
of the experiment, mice in the A/D, ABP-L, and ABP-H groups
received an intraperitoneal injection of AOM (10 mg/kg), while
those in the normal group received physiological saline. After the
administration of sterile water for 1 week, 2% DSS was added into
the drinking water of the A/D, ABP-L, and ABP-H groups for
another week, followed by sterile drinking water for 2 weeks. This
DSS water cycle was repeated thrice. Mice in the normal group
received sterile water throughout the study. Once the DSS cycles
finished, mice in the ABP-L and ABP-H groups received ABP
(0.2 ml/per mice) via oral gavage for 11 weeks, while those in the
A/D group received an equivalent volume of sterile drinking
water. During the experiment, body weight of all mice was
recorded. Mice were sacrificed using anesthesia, and colorectal
tissue, mucosa, fecal and serum of individual mouse were
collected after three or 11 weeks of treatment. Serum was used
for ELISA experiments, fecal was used for the analysis of SCFAs,
colon mucosa was used for 16S rRNA gene sequencing. A portion
of colon tissue fixed in 4% paraformaldehyde was prepared for
hematoxylin-eosin (HE) staining, and the other portion was
stored at -80°C for subsequent GSH, MDA and Western blot
assays.

Western Blot
Western blots were performed as described before (Luo et al.,
2021). The primary antibodies used were as follows: anti-Cyclin
D1 (#ab40754, Abcam, Cambridge, MA, United States), anti-c-
Myc (#ab32072, Abcam, Cambridge, MA, United States), anti-P-
STAT3 (#9145, Cell Signaling Technology, Danvers,
MA,United States), anti-STAT3 (#12640, Cell Signaling
Technology, Danvers, MA,United States), anti-COX-2
(#AF7003, Affinity Biosciences, Cincinnati, OH,
United States), and anti-GAPDH (#5174, Cell Signaling
Technology, Danvers, MA,United States).

16S rRNA Gene Sequencing and
Microbiome Analysis
Samples were collected, and total genomic DNA was extracted as
described previously (Zhang et al., 2020; Lou et al., 2021).
Bacterial sequencing of 16S rRNA genes was performed with
the Illumina HiSeq6000 platform (Hangzhou Guhe Information
and Technology Co., Ltd., Zhejiang, China). Mcirobiome analysis

was done using Quantitative Insights Into Microbial Ecology
(QIIME2, V.2020.6) pipeline, PICRUSt and the Statistical
Analysis of Metagenomic Profiles (STAMP) software package
V.2.1.3 as described previously (Lou et al., 2021).

Analysis of Short-Chain Fatty Acid in Feces
The quantitative analysis of fecal SCFAs was determined by a
trace ultra gas chromatograph coupled with an ISQ mass
spectrometer (TRACE 1310-ISQ, Thermo, MA, United States).
Briefly, fecal samples were homogenized with 50 μl of 15%
phosphoric acid, 100 mg of glass beads, and 100 μl of
isocaproic acid as the internal standard for 10 min using a
vortex mixer. After acidification, 400 μl of diethyl ether was
added to each sample for SCFAs extraction, and then
centrifuged the mix for 10 min at 12,000 rpm (4°C). The levels
of SCFAs were quantitatively determined by the GC-MS (gas
chromatography–mass spectrometry). The GC-MS analysis was
performed by a trace ultra GC equipped with an HP-InnowaxMS
capillary column (30 m × 0.25 mm × 0.5 µm film thickness,
Agilent Technologies). Temperature of injector, ion source
quadrupole, the GC-MS interface was 250°C, 230°C, 150°C,
and 250°C, respectively. The flow rate of helium carrier gas
was kept at 1.0 ml/min. Samples were injected (1 µl) with a
split injection (split ratio: 10:1). The initial column
temperature was 90°C, increased to 120°C at the rate of 10°C/
min, then elevated at a rate of 5°C/min to 150°C, and finally
increased to 250°C at a rate of 25°C/min and held for 2 min. The
mass spectrometer was used in electron impact (EI) ionization
mode (70 eV).

Determination of Reduced Glutathione
(GSH) and Malondialdehyde (MDA)
Reduced glutathione (GSH) and malondialdehyde (MDA) were
performed to evaluate oxidative stress. GSH was measured by
using the GSH assay kit (A006, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) and MDA by MDA
assay kit (A003, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). Assays were carried out according to the
manufacturer’s instructions.

Hematoxylin-Eosin Staining and
Histological Analysis
Hematoxylin and eosin (HE) staining was
performed for histological observation. Colon tissues were
paraffin-embedded, dewaxed, rehydrated, and stained with HE.
The staining was performed as described previously (Zhu et al.,
2021). The histological score of eachmouse was record and values
ranged from 0 to 10 according to the extent of colon injury. The
scoring criteria were presented in Supplementary Table S2.

Measurement of Cytokine Levels
Serum cytokines were measured and quantified with the Mouse
IL-6 ELISA Kit (Catalogue Number: SU-B20012, Konodee
Biotechnology Co., Fujian., China), Mouse IL-10 ELISA Kit
(Catalogue Number: SU-B20005, Konodee Biotechnology Co.,
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Fujian., China), Mouse TNF-α ELISA Kit (Catalogue Number:
SU-B20220, Konodee Biotechnology Co., Fujian., China) and
Mouse IFN-γ ELISA Kit (Catalogue Number: SU-B20652,
Konodee Biotechnology Co., Fujian., China), according to the
manufactures instructions.

Statistical Analysis
Data were presented as means ± standard deviation (SD) or
median. Normally distributed data were analyzed by student’s
t-test, non-normal distributed data were analyzed using the
Kruskal–Wallis test (SPSS 23.0, SPSS Company, Inc.,
United States). The threshold for significance was p < 0.05.

RESULTS

Chemical Composition of ABP
The total carbohydrate, uronic acid, and protein contents of ABP
were 92.58%, 1.63%, and 1.70%, respectively (Tabel S1). Dextran
standards with the molecular weight from 180 Da to 2,000 kDa were
applied onto an HPLC system to calibrate the column. According to
the standard curve Log(Mw) = 2.35–0.421 tR (Mw is the average
molecular weight, tR is the retention time, correlation coefficient R2 =
0.997), theMw of ABPwas 18.3 kDa, and theHPGPC profile of ABP
(Figure 1A) showed a single and symmetrically sharp peak,
indicating that ABP was a homogeneous polysaccharide. The
composition of component monosaccharides is an important
parameter for assessing polysaccharide characteristics. According

to the HPLC analysis with a PMP (1-phenyl-3-methyl-5-
pyrazolone) pre-column derivatization method, the
monosaccharide compositions of ABP were shown in Figure 1B
and Supplementary Table S1. Overall, the data indicated that ABP
was a hetero-polysaccharide composed of glucose, mannose,
galactose, xylose, galacturonic acid, glucuronic acid in a ratio of
37.8: 8: 2.5: 1.7: 1: 1. Glucose is themajormonosaccharide. The FT-IR
spectrum of ABP (Figure 1C) showed intense absorption peaks at
3,384 cm−1 for O-H stretching vibration (Li et al., 2017; Su and Li,
2020) and 2,931 cm−1 for C-H stretching vibration (Wang et al., 2012;
Hashemifesharaki et al., 2020;Ma et al., 2020). The absorption peak at
1,620 cm−1 and 1,458 cm−1 were the characteristic absorption peaks
of C=O (Cao et al., 2018; Zeng et al., 2020) and C-H groups (Sun
et al., 2013; Meng et al., 2017). Furthermore, the peak at 1,020 cm−1

corresponded to the stretching vibration of C-O groups (Biao et al.,
2020; Hu et al., 2020).

ABP Treatment Ameliorated AOM/DSS
Induced Weight Loss and Colonic Damage
An AOM/DSS-induced CACmodel was established to determine
the anti-tumor effect of ABP on CAC mice (Figure 2A). At the
end of ABP treatment, compared with the A/D group (18.0 ±
5.788), the ABP-L group (11 ± 3.536, p < 0.05) and ABP-H group
(6.6 ± 4.099, p < 0.01) demonstrated a significant reduction in the
number of tumors (Figures 2B,C). Treatment with ABP also
alleviated the shortening of the colon (Figure 2D, ABP-L, p <
0.01, ABP-H, p < 0.001) and weight loss (Figure 2E). Colon tissue

FIGURE 1 | Chemical Composition of ABP. (A) HP-GPC profiling of ABP.(B) Liquid chromatogram of standard monosaccharide derivatives and liquid
chromatogram of hydrolyzed monosaccharide derivatives of ABP. (C) FT-IR spectrum of ABP.
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sections in the A/D group showed noticeable pathological
changes, including colonic epithelial cell destruction, loss of
goblet cells, and varying degrees of inflammatory cell
infiltration, whereas those of ABP treatment groups displayed
a remarkable reduction in symptoms (Figures 2F,G,
Supplementary Table S2). These results indicated that
intervention with ABP ameliorated weight loss, clinical signs

of inflammation and tumor development in AOM/DSS-induced
CAC mice.

To evaluate the effect of long-term oral consumption of ABP
on the general health of mice, we introduced a group of ABP
alone. Results indicated that long-term consumption of ABP did
not lead to shortening of the colon (Supplementary Figure S1A,
B), loss of body weight (Supplementary Figure S1C), and

FIGURE 2 | ABP treatment ameliorated weight loss and AOM/DSS-induced pathological damage of colon. (A) The overview of the animal experiment design.
(B-C)Colon tumor burden in each group. (D) Colon lengths of mice in each group. (E) Body weights of mice in each group. (F)Micrographs of HE-stained colon tissues
in11 weeks treatment group. (G) Histological scores of each group. Compared with the A/D group, *p < 0.05, **p < 0.01.
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pathological changes in the colon (Supplementary Figure S1D).
Besides, no side effects were observed in the long-term use
of ABP.

ABP Treatment Attenuated the Production
of Oxide- and Inflammatory- Cytokines in
AOM/DSS-Induced CAC Mice
Because inflammation and oxidative stress might lead to cancer
progression, serum levels of inflammatory cytokines and
oxidative stress indicators of the colon in CAC mice treated
with ABP for three or 11 weeks were detected by ELISA assays
and commercial kits. At 3 weeks, the level of pro-inflammatory
cytokines TNF-α, IFN-γ, and IL-6 decreased while the anti-
inflammatory cytokine IL-10 increased in ABP treatment
groups (Figure 3A). A similar phenomenon was also observed
at 11 weeks (Figure 3B). An increased level of GSH and decreased
level of MDA in the colon were observed in the mice of ABP
treatment groups both in 3 weeks (Figure 3C) and 11 weeks of
treatment (Figure 3D). These data implied that ABP might in
favor of reducing the occurrence and development of CAC by
suppressing pro-inflammatory-related cytokines, upregulating
anti-inflammatory cytokines, and reducing oxidative damages.

ABP Treatment Suppressed the Activation
of STAT3 in the Colonic Tissue of AOM/
DSS-Induced CAC Mice
To gain more insights into the regulatory role of ABP in anti-
inflammation, we examined proteins related to the IL-6/STAT3
signaling pathway (Figures 4A,B) by Western Blot. It was found
that, both in 3 and 11 consecutive weeks of treatment (Figures
4C,D), expressions of P-STAT3, Cyclin D1 and c-Myc were
inhibited in ABP treated groups and COX-2 in ABP-H
groups. The expression of COX-2 decreased in the 11
consecutive weeks of ABP-L treatment, while no similar trend
was found in the 3-weeks group. These results indicated that ABP
treatment might regulate expressions of P-STAT3, c-Myc, and
Cyclin D1 in CAC mice, suppress the activation of the IL-6/
STAT3 signaling pathway and reduce the inflammatory response.

ABP Treatment Regulated the Intestinal
Microflora of AOM/DSS Induced CAC Mice
To reveal ABP treatment effects on gut microbiota composition
of AOM/DSS induced CACmice, 16S rRNA gene sequencing was
performed on colon mucosal samples. The gut microbiota

FIGURE 3 | ABP treatment attenuated the production of oxide- and inflammatory-cytokines of AOM/DSS-induced CAC mice. (A-B) Leves of IL-6, TNF-α, IFN-γ,
IL-10 in serum of mice treated with ABP for 3 weeks (A) and 11 weeks (B). (C-D) Levels of MDA and GSH in colon tissue treated with ABP for 3 weeks (C) and 11 weeks
(D). Compared with the A/D group, *p < 0.05, **p < 0.01.
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diversity and richness were evaluated by Chao1, Shannon, and
Simpson indexes.

No significant change was found among all groups’ alpha
diversity, no matter treated for 3 weeks or 11 weeks (Figures
5A–C, Supplementary Figures S2A, B). The principal
coordinates analysis (PCoA) showed an obscure difference
between the A/D and ABP groups treated for 3 weeks
(Supplementary Figures S2C, D). Compared to the A/D
group, the PCoA results showed an apparent difference in the
normal group (Figure 5D, p = 0.043) and the ABP-H group
(Figure 5E, p = 0.024) treated for 11 weeks, showed no difference
between the ABP-L group and the A/D group (Figure 5F). These
results indicated that ABP might influence the intestinal flora
composition, and adequate treatment of ABP was required to
improve microbiota in CAC mice.

To clarify the effects of ABP on the microflora of CACmodel mice,
the community composition of each groupwas analyzed at the phylum,
family, and genus levels. The heatmap showed that (Supplementary
Figures S3A–C) g_Lysinibacillus, g_Streptococcus, g_Acinetobacter,
g_Gordonia, g_Ochrobactrum, g_Halomonas, and g_Ralstonia were
enriched in the A/D group, while f_Rikenellaceae and g_Turicibacter
were enriched in the ABP-L group treated for 3weeks,
g_Ruminococcus_, g_Enterococcus, g_Odoribacter and
g_Dehalobacterium were enriched in the ABP-H group. In the 11-
week treatment groups, theheatmap showed that (Figures 6A–C) some
potential pathogenic bacteria (g_Ralstonia, g_Proteus, g_Adlercreutzia,
and g_Streptococcus) enriched in the A/D group, while some beneficial
bacteria enriched in the ABP-L group (p_Verrucomicrobia,
g_Ruminococcus_, g_Roseburia) and the ABP-H group
(f_Ruminococcaceae, g_Oscillospira, g_Odoribacter, g_Coprococcus).

FIGURE 4 | ABP treatment suppressed the activation of STAT3 in the colonic tissue in AOM/DSS-induced CACmice. (A-B)Western blotting of STAT3, P-STAT3,
COX-2, Cyclin D1, c-Myc and GAPDH in colon tissue treated with ABP for 3 weeks (A) and 11 weeks (B). (C-D) P-STAT3 protein expression relative to STAT3. COX-2,
c-Myc and Cyclin D1 protein expressions relative to GAPDH in colon tissues treated with ABP for 3 weeks (C) and 11 weeks (D). Compared with the A/D group, *p <
0.05, **p < 0.01.
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Differences among groups at family and genus level were also
analyzed by liner discriminate analysis (LDA), effect size
measurements (LEfSe) and the Kruskal Wallis test (Figures
7A,B, Supplementary Figures S4A, B). The ABP-L group
treated for 3 weeks (Supplementary Figure S4C) had higher
relative abundance of some bacteria (g_Turicibacter, p < 0.01;
g_AF12, p < 0.01) and lower opportunistic pathogens
(g_Streptococcus, p < 0.001; g_Ralstonia, p < 0.01;
g_Corynebacterium, p < 0.05). The ABP-H group had a higher
relative abundance of g_Odoribacter (p < 0.01) and g_AF12 (p <
0.05), and a less relative abundance of g_Streptococcus (p < 0.05).
The ABP-L group (Figure 7C) treated for 11 weeks had enriched
probiotics (g_Roseburia, p < 0.05, g_Akkermansia, p < 0.01),
decreased potential pathogenic and inflammation-promoting
bacteria (g_Corynebacterium, p < 0.01; g_Anaeroplasma, p <
0.01). The ABP-H group had much higher relative abundance
of f_Ruminococcaceae (p < 0.01) and g_Oscillospira (p < 0.05),
but less abundance of CAC related bacteria that were enriched in
the A/D group (f_S24-7, p < 0.05; f_Coriobacteriaceae, p < 0.01;
f_Prevotellaceae, p < 0.05; g_Bacteroides, p < 0.01;
g_Adlercreutzia, p < 0.01; g_Proteus, p < 0.05 and
g_Anaeroplasma, p < 0.05).

We also focused on changes of certain bacteria over time. As
shown in Supplementary Figure S5, along with the extension of
time, the relative abundance of f_S24-7, g_Streptococcus,
g_Acinetobacter, g_Anaeroplasma increased in the A/D group.
ABP treatment decreased the relative abundance of the four

bacteria, increased the relative abundance of g_Odoribacter,
f_Ruminococcaceae, g_Oscillospira, g_Coprococcus gradually. These
data proved that ABP might ameliorate gut microbiota dysbiosis,
elevate beneficial bacteria levels, and downregulate certain pathogenic
bacteria levels in AOM/DSS-induced CAC mice.

ABP Treatment Improved Fecal SCFA
Levels of AOM/DSS Induced CAC Mice
The effect of ABP treatment on the metabolism of the intestinal
tract was assessed by fecal SCFAs measurement and analysis.
PLS-DA and PCoA analysis showed a clear difference between
the ABP-H and A/D groups (Figures 8A,B). As shown in
Figure 8C, mice in the ABP-H group had a higher
concentration of total SCFAs (p < 0.01) and individual acetic
acid (p < 0.001), propionic acid (p < 0.01), and valeric acid (p <
0.05) than those of the A/D group. These data indicated that ABP
could significantly increase the production of SCFAs in mice. The
changes in fecal SCFA levels of mice treated with ABP were
consistent with the altered composition of the intestinal
microbiome.

DISCUSSION

In mice, colitis induced by DSS is characterized by colon
mucosal inflammation accompanied by shortening of the

FIGURE 5 | ABP treatment altered the abundance and diversity of gut microbes in AOM/DSS-induced CACmice (treatment with ABP for 11 weeks). (A-C) Analysis
of alpha diversity; (A) Simpson index. (B) Shannon index. (C) Chao1 index. (D-F) Analysis of beta diversity. principal coordinates analysis (PCoA).
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colorectum and body weight loss (Matsunaga et al., 2021).
Current research has focused on using natural substances
with low toxicity and few side effects on normal cells or
organs to offer alternative anti-inflammation and anti-tumor
therapies (Giner et al., 2016). Some polysaccharides, such as
Hericium Erinaceus polysaccharide and Astragalus
polysaccharide, have been reported to alleviate ulcerative
colitis development by suppressing inflammatory cytokines
and regulating gut microbiota in animals (Zhao et al., 2016;
Ren et al., 2018).

Phytochemical analysis revealed that AB had various
components with bio-active properties, such as saponins,
flavonoids, polysaccharides, etc. that exhibit anti-oxidant,
anti-inflammatory, anti-diabetic, and anti-neoplastic
effects (Zhou et al., 2005; Iguchi et al., 2017). In this
study, AB was farmed by ourselves and ABP was extracted
from bulbs of AB. At first, we determined the Mw,
monosaccharide composition and FT-IR spectrum of ABP
and the results showed that ABP was a homogeneous
polysaccharide with an Mw of 18.3 kDa and mainly
composed of glucose, mannose, galactose, and xylose.
Next, we confirmed that ABP had antioxidant and anti-
inflammatory properties in vivo, and ABP treatment could
effectively inhibit tumorigenesis and progression by
attenuating colon shortening, body weight loss, and
histological damages in AOM/DSS induced CAC mice.

Furthermore, we explored the probable mechanisms of ABP
against CAC. TNF-α and IL-6 are pro-inflammatory cytokines
that play important roles in the process of inflammation
(Francescone et al., 2015). The production of these cytokines

is regulated by signaling pathways such as the STAT3 pathway.
The STAT3 transcription factor induces the expression of cell
proliferation related genes (cyclin D1, PCNA) and suppresses
apoptotic genes (Bcl-2, Bcl-XL) (Becker et al., 2005; Klampfer,
2008). It is well accepted that STAT3 signaling drives pathological
processes, including cell proliferation, recruitment of
inflammatory mediators, and angiogenesis (Francescone et al.,
2015). Indeed, many inflammatory mediators are positively
associated with the prevalence of colorectal adenomas (Kim
et al., 2008; Basavaraju et al., 2015; Song et al., 2016). For
example, serum levels of IL-6 are higher in CRC patients than
in healthy controls (Knupfer and Preiss, 2010). Grivennikov et al.
reported that IL-6 promoted colon tumor growth in an AOM/
DSS-induced CACmouse model (Grivennikov et al., 2009). IL-10
is an anti-inflammatory cytokine critical for maintaining
intestinal immune homeostasis. IL-10-deficient mice develop
intestinal inflammation in the presence of normal gut
microflora (Burrello et al., 2018). In this experiment, ABP
treatment inhibited the phosphorylation of STAT3, reduced
the expression of IL-6 and increased the expression of IL-10,
indicating that the anti-inflammatory effect of ABPmay be one of
its anti-tumor effects.

Oxidative stress has been proposed as a mechanism of IBD.
With the production of MDA, excessive NO produces oxygen
free radicals that cause tissue damage and the formation of
colitis (Zhu and Li, 2012; Li et al., 2016). We found that in
CAC mice treated with ABP, MDA contents were significantly
decreased and the level of GSH was increased, suggesting that
ABP had anti-oxidative capacity and can scavenge free
radicals.

FIGURE 6 | ABP treatment improved the composition of the intestinal microflora in AOM/DSS-induced CAC mice (treatment with ABP for 11 weeks). (A-C)
Heatmap of bacterial taxa based at the phylum, family and genus levels.

Frontiers in Pharmacology | www.frontiersin.org February 2022 | Volume 13 | Article 8330779

Qin et al. ABP Attenuates Colon Tumorigenesis

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


The intestinal microbiota plays a pivotal role in physiological
homeostasis and pathophysiology of diseases, destruction of
intestinal barrier and signals of epithelial cells are closely
related to microbiota dysbiosis (Arthur and Jobin, 2013;

Jackson and Theiss, 2020). The impaired gut microbiota may
result in the damage of enteric mucosa and various inflammation.
Therefore, invasive bacteria might cross the barrier and trigger a
pro-inflammatory response (Abreu, 2010). As the most

FIGURE 7 | Distribution of colon microbiota in each group (treatment with ABP for 11 weeks). (A-B) LEfSe analysis of bacterial taxa differences in each group. (C)
Box plots demonstrating the characteristic bacteria at the family and genus levels. Compared with the A/D group, *p < 0.05, **p < 0.01.
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commonly used specimen for gut microbiota sequencing, feces
may not reflect the real flora of the intestinal surface. There are
two main reasons: food consumption and certain bacteria that
have penetrated the intestinal barrier cannot be detected
precisely, such as Akkermansia. Akkermansia plays a critical
role in maintaining human immunity and metabolism, can
strengthen the intestinal barrier by promoting mucus secretion
(van der Lugt et al., 2019), thus it has been deemed a promising
therapeutic probiotic (Zou and Chen, 2020; Yu et al., 2021).
Hence, we selected mucosal specimens instead of feces in
this study.

SCFAs are the main metabolites produced by anaerobic bacteria,
which confer healthy outcomes to the host (den Besten et al., 2013;

Tan et al., 2014). The beneficial roles of SCFAs for the host include
their capacity to strengthen intestinal barrier function, reduce
oxidative stress, and anti-inflammatory, anti-carcinogenic effects
(Sun and O’Riordan, 2013; van der Beek et al., 2017). Liu et al.
reported that pumpkin polysaccharides increased the relative
abundance of g_Oscillospira altered and increased SCFAs
production in diabetic rats (Liu G. et al., 2018). Liu et al. found
dietary supplementation of berry anthocyanin extracts enriched levels
of SCFA producing bacteria and elevated production of fecal SCFAs
in high-fat-fed C57BL/6J mice (Liu et al., 2021a). Xia et al. found that
Adaptogenic flower buds increased the relative abundance of SCFA
producing bacteria and strengthened the epithelial tight junction
complex and immune responses (Xia W. et al., 2020). In this study,

FIGURE 8 | ABP treatment increased the fecal SCFA levels in AOM/DSS-induced CRCmice (treatment with ABP for 11 weeks). (A-B) PCoA and PLS-DA analysis.
(C) Bar plots for fecal SCFA content. Compared with the A/D group, *p < 0.05, **p < 0.01.
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we found that ABP treatment enriched the relative abundance of
SCFA producing bacteria and elevated fecal SCFA levels in AOM-
DSS induced CAC mice.

The heat map and LEfSe analysis showed that ABP decreased
the relative abundance of some potentially pathogenic bacteria
(g_Streptococcus, g_Proteus, g_Corynebacterium,
g_Anaeroplasma, g_Acinetobacter, and g_Ralstonia) (Wu et al.,
2018; Liu et al., 2019; Xia X. et al., 2020; Zorron Cheng Tao Pu
et al., 2020; Marongiu et al., 2021; Zhang et al., 2021). GC-MS
results revealed that ABP increased the levels of SCFAs in AOM/
DSS induced CAC mice. In this study, changes in SCFA levels in
ABP treated mice coincided with intestinal microbiome changes.

As expected, the A/D group showed a gradual increase of some
bacteria along with time extension, implying these bacteria may be
positively related to progression of AOM/DSS induced CAC. In
ABP treatment groups, both decreasing trends of relative
abundance of CAC related bacteria and increasing trends of
SCFA producing bacteria were more apparent in mice treated
for 11 weeks than those in 3 weeks, implying that regulation of
ABP on the intestinal flora is a continuous and accumulating
process. Combined with the long-term use of ABP having no
side effect on the ABP alone group, we supposed that ABP
could be used for long-term treatment against CAC.

Taken together, ABP treatment inhibited tumor progression
in the AOM/DSS induced CAC mice by improving microbiota,
increasing the abundance of beneficial bacteria and fecal SCFAs,
reducing oxidative damage in the colon, suppressing
inflammatory signaling pathways (Figure 9). ABP may be a
potential therapeutic agent for treating CAC.
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