L))

Check for
u

ipdates
Original Article Page 1 of 11

Effects of ginsenoside compound K on colitis-associated
colorectal cancer and gut microbiota profiles in mice
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Background: Ginsenoside compound K (GC-K), generated from ginseng saponins bioconverted by gut
microbiota, has potential anti-colorectal cancer (CRC) effects. Meanwhile, GC-K may interact with gut
microbiota, playing important roles in the occurrence and development of CRC. However, the effects of gut
microbiota on the preventive and therapeutic effects of GC-K in CRC remain to be elucidated.

Methods: The anti-CRC effects of GC-K were evaluated in an azoxymethane/dextran sulfate sodium
(AOM/DSS)-induced colitis-associated CRC Balb/c mice model under the dosage of 30 and 60 mg/kg.
Stool samples were collected during the experiments for profiling gut microbiota by 16S 7RNA sequencing.
Correlative analysis between gut microbiota and anti-CRC effect of GC-K was also assessed. Finally, the
anti-CRC effect of Akkermansia muciniphila (A. muciniphila) was validated in CRC cell lines.

Results: GC-K could significantly suppress tumor growth iz vive at the dosage of 60 mg/kg without
exogenous interference of gut microbiota. Moreover, dysbiosis of gut microbiota was observed in the CRC
model group, which could be recovered by GC-K treatment. In particular, A. muciniphila, which could
inhibit the proliferation of HCT-116, HT-29, and LOVO cells, was significantly up-regulated by GC-K.
Conclusions: GC-K was verified to suppress the tumor growth of AOM/DSS-induced colitis-associated

CRC through the modulation of gut microbiota, partially by up-regulation of A. muciniphila.
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Introduction occurrence and progression of CRC are not yet fully
understood (1). A risk factor for the occurrence of CRC
is ulcerative colitis (UC), which was reported that the risk
cancers worldwide, with high incidence and mortality for occurrence of CRC is up to 30% for 35 years of UC

in 2020. However, the molecular mechanisms of the patients (2). Meanwhile, UC is often accompanied by gut

Colorectal cancer (CRC) is one of the most common
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microbiota dysbiosis and chronic inflammation (2). Gut
microbiota are a complex community in the gastrointestinal
tract and can be influenced by many factors, such as
drugs and disease (3). Accumulating evidence indicates
that gut microbiota are significantly associated with the
occurrence and development of CRC (4,5). For example,
gut microbiota could influence the inflammation process
through affecting generation of short-chain fatty acids in
the aspect of metabolome (4), and also play crucial roles in
the development and function of the immune system (6-8).
Therefore, targeting the gut microbiota may be a new
strategy for CRC therapy (9).

Ginsenoside compound K (GC-K) belongs to
Dammarane-type tetracyclic triterpenoids, and is one of
the main metabolites of ginseng saponins iz vivo and is
bioconverted by gut microbiota (10-12). It has been shown
various pharmacological activities, such as anti-diabetic,
anti-aging, anti-allergic, anti-inflammation and anti-tumor
effects, in which the anti-CRC effect attracts increasing
focus (13,14). However, the pertinent mechanisms are not
well known. In previous studies, although GC-K could
inhibit the proliferation and promote the apoptosis of HC'T-
116 and HT-29 cells, as well as the growth of xenograft
tumors (15-17), the effects of GC-K on CRC n situ are still
unverified. Meanwhile, the anti-CRC mechanism of GC-K
is also not yet fully clarified.

As the absolute oral bioavailability of GC-K is about 35% (18),
GC-K could be metabolized to yield protopanaxadiol only
by B-glycosidase secreted by gut microbiota in vive (19,20),
which implies that GC-K could be delivered into the
gastrointestinal tract to interplay with gut microbiota after
oral administration. In addition, our previous study found
that ginseng saponins could prevent colitis-associated CRC
partially via modulating gut microbiota profiles (21,22).
Accordingly, we hypothesized that GC-K could inhibit the
growth of CRC in situ via benefiting from gut microbiota.

In this study, a Balb/c mouse model was induced and
constructed by azoxymethane (AOM)/dextran sulfate
sodium (DSS), which led to the death of epithelial cells,
resulting in acute and chronic intestinal inflammation.
GC-K was orally administered to evaluate the anti-CRC
effect in vivo. The disease activity index (DAI) scores,
colon length and tissue evaluation, tumor number and
size, and histological assessment were employed to assess
the attenuation effect of GC-K on colitis-associated CRC
development. Furthermore, 16S #RNA sequencing was
used to analyze gut microbiota profiles. The results showed
that the relative pathological indexes were significantly
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decreased in the GC-K high-dose group compared with
the model group. Dysbiosis of gut microbiota was observed
in the AOM/DSS-induced model group, which could be
partially recovered by GC-K treatment. Importantly, the
up-regulated gut microbe Akkermansia muciniphila (A.
muciniphila) could significantly inhibit the proliferation of
HCT-116, HT-29, and LOVO cells. Therefore, due to
the regulation of GC-K on gut microbiota, GC-K exerted
potential anti-CRC effects partially by benefiting from gut
microbiota. We present the following article in accordance
with the ARRIVE reporting checklist (available at https://
atm.amegroups.com/article/view/10.21037/atm-22-793/rc).

Methods
Chemicals and reagents

GC-K was provided by Chengdu Push Bio-technology Co.,
Ltd. (Sichuan, China). AOM was purchased from Sigma
Co., Ltd. (MO, USA), and DSS with molecular weight at
36-50 kDa was obtained from MP Biomedicals LLC (CA,
USA). The Standard AIN-93G chow was manufactured by
Trophic Feed High-tech Co., Ltd. (Jiangsu, China).

The bacteria genomic DNA extraction kit was supplied
by Qiagen Co., Ltd. (Hilden, Germany). The mixture PCR
product purification kit was provided by Axygen Biosciences
Co., Ltd. (CA, USA). The sequencing library generation kit
was bought from Illumina Co., Ltd. (CA, USA).

Animals and experimental design

Balb/c mice (male, 6 weeks, 18+2 g), supplied by Hunan
SJA Laboratory Animal Co., Ltd. (Hunan, China) with a
license No. 43004700051266, were acclimated to specific-
pathogen-free (SPF) conditions at 22+2 °C and 60%=5%
humidity with a 12/12-hour light-dark cycle for a week.
The animal experimental protocol was approved by the
Ethics Committee of Animal Experiments of Central South
University (No. 201803070). Experiments were performed
in compliance with the “Regulations on the Administration
of Laboratory Animals” formulated by the National Science
and Technology Commission of the People’s Republic
of China for the care and use of animals. A protocol was
prepared before the study without registration.

Mice were randomly divided into the control group,
AOM/DSS model group, low-dose group (30 mg/kg),
and high-dose group (60 mg/kg) (n=6, each group). The

daily chow consumption of each group was recorded every
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Figure 1 The animal experimental protocol. AOM, azoxymethane; DSS, dextran sulfate sodium; GC-K, ginsenoside compound K.

2-3 days to calculate the average dosage of GC-K in the
low/high-dose groups. Except for the control group, the
other groups were intraperitoneally injected with AOM
(10 mg/kg). After 1 week, mice were freely fed with
drinking water with 2.5% DSS for 1 week, followed by
pure water for another 1 week (3 cycles). Then, the low-
dose and high-dose groups were fed with standard AIN-
93G chow containing 220 or 440 ppm of GC-K for 45 days
according to previous study (23), and the actual dosage was
calculated by the mean body weight and the mean daily
chow consumption. The mice were euthanized by cervical
dislocation for tumor evaluation, and the colon segments
were collected for pathological analysis. The stool samples
for 16S 7RNA sequencing analysis were collected at week 0,
after AOM/DSS-induction (week 7), at 2 weeks after
treatment of GC-K (week 9), at 4 weeks (week 11), and at
the last week (week 13) (Figure I). Authors were aware of
the group allocation all around the experiments.

DAI and bistological assessment

The DAI integrated with the scores of weight loss, stool
consistency, and rectal bleeding was used for assessing the
intestinal inflammation induced by AOM/DSS during
modeling (24). The distal colorectal segments were fixed
in 4% paraformaldehyde for hematoxylin and eosin (H&E)
staining to evaluate intestinal damage histopathologically.

16S rRNA gene sequencing

Microbial genomic DNA was extracted using the Qiagen
QIAamp DNA Stool Mini Kit following the manufacturer’s
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instructions (Qiagen, Germany). The V3-V4 region of the
bacterial 16S 7RNA gene was amplified by PCR with bacterial
primers 338F 5'- ACTCCTACGGGAGGCAGCAG-3'
and 806R 5'-GGACTACHVGGGTWTCTAAT-3". Then,
amplicons were extracted and purified by the AxyPrep DNA
Gel Extraction Kit (Axygen Biosciences, CA, USA) and
quantified by QuantiFluor™-ST (Promega, WI, USA).
The purified amplicons were paired-end sequenced on an
Illumina MiSeq platform.

Cell lines and culture

Human CRC cell lines (HCT-116, LOVO, and HT-29
cells) were purchased from Cell Center of Central South
University. HCT-116, LOVO, and HT-29 cells were
cultured in RPMI 1640, Ham’s F-12K, and McCoy’s SA
medium supplemented with 10% fetal bovine serum (FBS),
respectively. The 3 cell lines were incubated in a humidified
atmosphere of 5% CO, at 37 °C. The medium was changed
every 1 or 2 days. Cells were trypsinized, harvested, and
seeded into a new tissue culture flask when they reached
approximately 80% confluence.

A. muciniphila and CRC cell co-culture

CRC cells were seeded in a 24-well plate (5x10 cells/well)
in medium supplemented with 10% FBS for 24 hours. A.
muciniphila at logarithmic growth stage were infected at
the plural numbers of 100:1 and 1,000:1 to prepare the
infectious working fluid, and the microbes were suspended
in pure medium without FBS. Cells were exposed to the
suspended infectious working fluid for 4 hours, and then
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the medium containing A. muciniphila was replaced with
medium supplemented with 10% FBS. The co-culture was
performed for 20 hours with 3 cycles. The medium was
discarded, followed by adding trypsin, and then the cells
were suspended and counted with a cell counting plate.

Bioinformatics analysis

Raw data were demultiplexed and filtered using QIIME
(version 1.9.1), while chimeric sequences were identified
and removed by UCHIME. Then, operational taxonomic
units (OTUs) were clustered with 97% similarity cutoff
using UPARSE (version 7.1 https://drive5S.com/uparse/).
The taxonomy of each 16S 7RNA gene sequence was
analyzed by RDP Classifier (https://rdp.cme.msu.edu/)
against the Silva (SSU123) 16S rRNA database. QIIME was
used to calculate alpha and beta diversity of gut microbiota.

Statistical analysis

One-way analysis of variance (ANOVA) with the least
significant difference (LSD) post hoc test was applied for
statistical analysis in SPSS Statistics software (version 17.0)
and GraphPad Prism software (version 7.00), and significant
differences were expressed as *P<0.05 and **P<0.01.

Results

GC-K suppressed AOM/DSS-induced colitis-associated
CRC

During modeling, mice in the model group showed a
distinct loss of weight and appetite, along with diarrhea and
rectal bleeding accompanied by AOM/DSS administration.
Compared with the control group, the DAI of mice in
the model group was significantly increased (Figure 2A4).
The average daily consumption of GC-K in the control,
AOM/DSS model, low-dose, and high-dose groups
were 2.930.25, 3.3120.39, 3.26x0.40, and 3.25:0.33 g,
respectively (Figure 2B). Due to the calculation, the actual
dosages of GC-K in the low-dose and high-dose groups
were 26.99 and 58.65 mg/kg, respectively.

Compared with the control group, the colon length of
the model group was significantly shortened, which could
be alleviated by GC-K treatment (Figure 2C,2D). The
tumor size was calculated as described previously (25).
Compared with the AOM/DSS model group, the mean
tumor size in the high-dose group was significantly
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decreased, while there was no significant difference in the
low-dose group (Figure 2E,2F).

H&E staining histological evaluation was used to
assess colorectal damage, which was observed according
to epithelial cell nuclei, stained nuclei, and disordered
structure. H&E staining showed that crypts were aberrant
with disordered arrangement, while inflammatory cells
infiltrated the submucosa in the model group to obviously
induce abnormal colon tissue characteristics. However, the
pathological symptoms could be relieved by GC-K treatment
(Figure 2G). Consequently, our data indicated that GC-K
suppressed AOM/DSS-induced colitis-associated CRC.

Diversity and taxonomic differences of gut microbiota

The Simpson index (diversity index) and Chaol (richness
estimation index) were employed to characterize gut
microbial alpha diversity (Figure 34,3B). Chaol indicated
that gut microbial species richness gradually decreased in
the model group. However, the microbial species richness
of the GC-K groups was partially restored. The Simpson
index increased at subsequent testing weeks compared
with week 0. For alpha diversity, reduced microbial species
and abundances of dominant microbes indicated that gut
microbiota were disordered in the model group. Compared
with the model group, the alpha diversity and coverage
index significantly increased in the high-dose group at
week 13. The data showed that GC-K could increase the
alpha diversity of gut microbiota in the AOM/DSS induced
colitis-associated CRC model.

The results of beta diversity showed that all of the
samples were clustered with an equal starting point at week 0
(Figure S1A), and classified into 2 groups after AOM/
DSS intervention at week 7 (Figure S1B). Subsequently,
gut microbiota in the GC-K groups gradually became
distinguished from the model group (Figure SIC,S1D and
Figure 3B). These results implied that the beta diversity of
gut microbiota could be remodulated by GC-K in colitis-
associated CRC mice.

Taxonomical classification was performed at the phylum
and genus levels. At the phylum level (Figure 3C), compared
with the control group, Firmicutes and Verrucomicrobia
gradually decreased, while Bacteroideres increased in
the AOM/DSS-induced colitis-associated CRC model.
Verrucomicrobia could be recovered by GC-K treatment. At
the genus level (Figure S2A-S2D), Uncultured_Bacteroidales_
bacterium and Rikenellaceae were enriched in the model
group, but Akkermansia, Bifidobacterium, and Staphylococcus
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Figure 2 GC-K suppressed AOM/DSS-induced CRC. (A) DAI during modeling. The black arrows indicated the DAI scores of normal
mice; (B) average daily chow consumption of each group; (C) typical colorectal macroscopic morphology; (D) colorectal length; (E) typical
macroscopic morphology of a colorectal tumor; (F) colorectal tumor size; (G) representative HE staining images in each group. *, P<0.05;
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were relatively decreased after AOM/DSS intervention Biomarker discovery and correlation analysis of gut
in the model group. Meanwhile, Akkermansia and
Lachnoclostridium were increased in the high-dose group,

which indicated that they could be up-regulated by GC-K.

microbiota

Linear discriminant analysis effect size (LEfSe) analysis
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was used to discover differentially abundant taxon. Seven
gut microbes were found and mainly categorized into
Bacteroidetes, Firmicutes, and Verrucomicrobia [P<0.05, linear
discriminant analysis (LDA) scores >4, Figure 44,4B). Alistipes,
Oscillibacter, and Ruminiclostridium_9 were significantly
increased in the control group, while Rikenellaceae_RC9_
gut_group was enriched in the model group and could be a
potential biomarker for AOM/DSS-induced CRC (Figure 4C).
Akkermansia spp. and Lachnoclostridium spp. were significantly
enriched in the high-dose group, which demonstrated that
GC-K could up-regulate their abundance (Figure 4D,4E).

The relationship between tumor size and differentially
abundant taxon was evaluated by Spearman’s correlation
index. The relative abundance of Akkermansia spp. was
inversely correlated with tumor size, while Rikenellaceae_
RCY_gut_group showed a positive association. Therefore,
GC-K might enhance anti-CRC effects pertinent to up-
regulating Akkermansia.

Akkermansia suppressed CRC cell proliferation in vitro

To further investigate the tumor-inhibiting ability of
Abkkermansia spp., the effects of Akkermansia spp. on CRC
cell proliferation were examined in vitro. The results
showed that Akkermansia spp. significantly inhibited
proliferation in HCT-116 (P<0.01), HT-29 (P<0.05), and
LOVO (P<0.01) cells compared with the corresponding
control cells (Figure 5).

Discussion

As the main active metabolite of ginseng saponins,
GC-K was reported to have anti-CRC effects. In current
stage, the anti-CRC mechanisms of GC-K involved in
activating CAMK-IV/AMPK pathways refers to apoptosis,
increasing Ca’" influx for cell death (15-17,26). However,
most studies have focused on the effects of GC-K using
a xenograft model in nude mice, as well as iz vitro studies
(17,26). Thus, it is necessary to evaluate the effects of
GC-K on CRC i situ.

Colitis-associated CRC was induced by AOM and
DSS (23,27). According to the dosage of GC-K used in
animals and human beings (19,28,29), GC-K was set at
30 and 60 mg/kg to avoid adverse events, and their actual
dosage was consistent with the design. After 6 weeks of
GC-K intervention, the results of tumor size showed that
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60 mg/kg GC-K could significantly suppress the growth
of colitis-associated CRC. However, no obvious effects
were observed in the low-dose group, which might be due
to the unsaturation of carrier-mediated hepatic uptake and
esterification of GC-K (18).

The results of taxonomy annotation and LEfSe analysis
showed that Akkermansia spp. could be down-regulated
and Rikenellacene_RC9_gut_group could be up-regulated
by colitis-associated CRC, the effects of which could be
reversed by GC-K. Moreover, Lachnoclostridium could
be up-regulated by GC-K. These data suggested that
Rikenellaceae_RC9_gut_group might be a biomarker of CRC,
while Akkermansia spp. might play an important role in the
anti-CRC effects of GC-K.

Rikenellacene_RC9_gut_group belongs to Bacteroidetes,
which was shown to increase in an isoproterenol-induced
acute myocardial ischemia model, leading to intestinal
permeability and impaired intestinal barrier and gut
inflammation (30). Meanwhile, Rikenellaceae is associated
with lipid metabolism (31). However, the relationship
between Rikenellacene and CRC is not well understood.
Akkermansia spp., a human intestinal mucin-degrading
bacterium, contains only 1 species, A. muciniphila (32,33).
The abundance of A. muciniphila was shown to decrease
in a DSS-induced chronic colitis mice model, while anti-
inflammatory effects and improved clinical parameters
were observed after intervention of A. muciniphila (34,35).
Additionally, A. muciniphila is significantly reduced in
inflammatory bowel disease patients, and mice with this
condition could secrete a purified membrane protein,
Amuc_1100, to modulate CD8" T cells (36).

Moreover, we also indicated that the gut microbe A.
mauciniphila showed anti-proliferative effects on CRC cells
in vitro. Other gut microbes, such as Rikenellaceae spp., need
further study to investigate their anti-CRC effects in vitro
and in vivo. Additionally, the regulation of the host immune
response and remodulation of the tumor microenvironment
by gut microbes should also be further investigated in the
context of anti-CRC effects.

Conclusions

GC-K was firstly verified to suppress the growth of
AOM/DSS-induced colitis-associated CRC in vivo. The
abundance of A. muciniphila was decreased by colitis-

associated CRC, which could be restored by GC-K and may
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Figure 5 Akkermansia suppressed proliferation in CRC cells. (A) HCT-116, (B) HT-29, and (C) LOVO cells were exposed to Akkermansia
(multiplicity of infection =100/1,000) for 4 hours. *, P<0.05; **, P<0.01. AKK, Akkermansia muciniphila; CRC, colorectal cancer.

play an important role in the anti-CRC effects of GC-K.
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Figure S1 Gut microbiota profile changes induced by GC-K. (A) Beta diversity at 0 weeks; (B) beta diversity at 7 weeks; (C) beta diversity at
9 weeks; (D) beta diversity at 11 weeks. (n=5). GC-K, ginsenoside compound K.
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Figure S2 Bacteria annotation at the genus level. (A) Control group; (B) model group; (C) low-dose group; (D) high-dose group. (n=5).
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