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ARTICLE INFO ABSTRACT

Keywords: The gut microbiota has been implicated in the development of colitis-associated cancer (CAC). We investigated

Colitis how the gut microbiota affects the development of CAC when the composition of the microbial community is

Colorectal neoplasms altered by the administration of various antibiotics in a murine model. C57BL/6 mice were given intraperitoneal

if:itfs;:z:it;?a:g:ﬁ;r()bwme injection of 12.5 mg/kg azoxymethane (AOM), followed by two rounds of 2.0 % dextran sodium sulfate (DSS)
exposure. Antibiotics, including ampicillin, neomycin, metronidazole, and/or vancomycin, were administered 14
days prior to AOM injection until the end of the experiment. High-throughput sequencing of mice feces was
conducted to evaluate alterations of the gut microbiota. Tumorigenesis and inflammation were most markedly
suppressed in the mice treated with an antibiotic cocktail therapy consisting of ampicillin, neomycin, metroni-
dazole, and vancomycin. Individual antibiotic treatments had different effects on tumorigenesis and inflam-
mation. Metronidazole attenuated both tumorigenesis and inflammation. Neomycin suppressed tumorigenesis
but did not alleviate inflammation. Ampicillin and vancomycin did not significantly attenuate either tumori-
genesis or inflammation. Antimicrobial therapy differentially altered the diversity and composition of the gut
microbiota depending on antibiotic type. The phyla Proteobacteria and Tenericutes were positively correlated
with tumor burden. Colon tumorigenesis was attenuated through various antibiotics in the AOM/DSS-induced
CAC model. Individual antibiotics differentially altered the gut microbial composition and showed different
effects on tumor suppression; however, the degree of tumor suppression was less pronounced than that relative to
the antibiotic cocktail therapy, suggesting that the global gut microbial community plays an important role in the
development of CAC.

1. Introduction

Colorectal cancer (CRC) is the third most common cancer in men and
the second in women, and is the leading cause of cancer-related deaths
worldwide [1]. Colitis-associated cancer (CAC) is a type of CRC that
occurs in association with preceding chronic inflammatory bowel dis-
ease (IBD) [2]. Patients with IBD have a 60 % increase in the incidence of
CRC compared with the general population [3].

CAC is preceded by prolonged gut inflammation, and mutations in
the p53 gene occur as an early event [4]. Chronic inflammation also
causes direct DNA damage and contributes to colon carcinogenesis [5].
The gut microbiota interacts with the host immune system, and an
excessive immune response to commensal microbiota causes gut
inflammation [6]. Gut microbiota contribute to carcinogenesis by sus-
taining inflammation, impairing host immunity, directly damaging DNA

with genotoxin, and altering metabolic activity [6]. Gut microbial
composition of CRC patients is different from that of healthy individuals
[7]. In addition, mucosa-associated microbiota in CAC patients is also
different from those in sporadic CRC patients [8].

Attempts have been made to suppress colon tumorigenesis by
manipulating the gut microbiota with antimicrobial agents. Colon
tumorigenesis was attenuated with antibiotic treatment in a murine CAC
model [9]. Depletion of the gut microbiome using antibiotics reduced
tumor burden in multiple xenograft cancer models [10]. Specific bac-
terial species, including Escherichia coli carrying the polyketide synthase
(pks) island, enterotoxigenic Bacteroides fragilis, and Fusobacterium
nucleatum, have been implicated in the pathogenesis of CRC [11].
However, the gut microbiota consists of a complex community of more
than 100 trillion microbes, and it is unclear how gut microbial compo-
sition should be changed to effectively suppress colon tumorigenesis. We
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Fig. 1. Study protocol. The antibiotic cocktail included ampicillin, neomycin, metronidazole, and vancomycin. AOM, azoxymethane; DSS, dextran sodium sulfate.

therefore aimed to investigate how composition of the gut microbial
community affects the development of CAC when it is altered by
administering antibiotics targeting different species in the microbial
community using the azoxymethane (AOM)/dextran sodium sulfate
(DSS)-induced murine CAC model. We aimed to identify the specific gut
microbial community involved in CAC development and to obtain in-
formation on the potential prevention and treatment strategy for CAC.

2. Materials and methods
2.1. Animals

We used C57BL/6 mice (female, 6-weeks-old) obtained from Orient
Bio (Seongnam, Korea) for this study. A total of 35 mice were used for
the experiment. Mice were co-housed in groups and housed at
23 4+ 3°C, 50 + 20 % humidity, in a 12/12 -h light/dark cycle, and free
access to food and water under specific pathogen-free conditions in an
accredited animal facility at Hanyang University. All mice were fed a
standard mouse chow (LabDiet 5053, Orient Bio, Korea). To minimize
animal suffering and to determine humane endpoints, mice were
monitored daily for the following signs of distress: weight change, hair
loss, abnormal eye opening, reduced physical activity, and abnormal
posture. The criteria for determining the humane endpoint are shown in
Table Al in supplementary material. All experimental procedures were
performed according to the guidelines outlined and approved by the
Animal Experimental Ethics Committee of Hanyang University
(approval number: HY-IACUC-17—-0007).

2.2. Induction of colitis-associated cancer

The mice received a single intraperitoneal injection of 12.5 mg/kg
AOM. On the fifth day after AOM injection, the mice were fed with water
containing 2.0 % DSS for five days, and then untreated water for 14
days. This process was repeated once again, resulting in a total of two
rounds of DSS administration. The control group was given phosphate
buffered saline intraperitoneally and normal drinking water without
DSS. The mice were euthanized by CO2 asphyxiation followed by cer-
vical dislocation 4 days after the last round of DSS administration.

2.3. Antibiotic treatment

Antibiotics were mixed with drinking water and administered 14

days prior to AOM injection until the end of the experiment. Four types
of antibiotics were used: ampicillin, neomycin, metronidazole, and
vancomycin. The mice were divided into seven groups according to
antibiotic treatment: (1) control group (n = 5), no AOM/DSS and no
antibiotics; (2) AOM/DSS group (n = 6), AOM/DSS without antibiotics;
(3) ampicillin group (n = 4), ampicillin (500 mg/L) administration; (4)
neomycin group (n = 4), neomycin (1 g/L) administration; (5) metro-
nidazole group (n = 4), metronidazole (1 g/L) administration; (6) van-
comycin group (n = 6), vancomycin (250 mg/L) administration; and (7)
antibiotic cocktail group (n =6), mixture of ampicillin, neomycin,
metronidazole, and vancomycin. One mouse in the ampicillin treatment
group and one in the antibiotic cocktail treatment group were eutha-
nized early because they met the humane endpoint before the end of the
experiment. No mice were found dead during the experiment. Finally,
five mice in the control group, six in the AOM/DSS group, three in the
ampicillin treatment group, four in the neomycin treatment group, four
in the metronidazole treatment group, six in the vancomycin treatment
group, and five in the antibiotic cocktail treatment group completed the
experiment and were analyzed. The study protocol is shown in Fig. 1.

2.4. Gross and histological analysis

After euthanasia, mice colons were extracted to measure tumor
burden and tissue inflammation. Digital photographs were taken, colon
length and the number of tumors in the entire colon were measured.
Colon tissues were fixed in 4% paraformaldehyde, embedded in
paraffin, and stained with hematoxylin and eosin for histological eval-
uation. Three of the authors, blinded to the slide information, measured
histological scores by summing the following scores as described in a
previous study: degree of inflammation (0-4), epithelial defects (0-4),
crypt atrophy (0-4), degree of dysplasia/neoplasia (0-4), and extent of
dysplasia/neoplasia (0-4) (Table A2 in supplementary material) [5].

2.5. Reverse transcription PCR (RT-PCR)

Total RNA was extracted from colon tissues using the Hybrid-R™
Total RNA Isolation Kit (GeneAll Biotechnology, Seoul, Korea) and
quantified using a Biospec-nano spectrophotometer (Life Science,
Columbia, MD, USA). RT-PCR was performed with an initial denatur-
ation at 95 °C for 2 min, 30 times with denaturation at 95 °C for 30 s,
55—65 °C for 30 s for primer annealing, extension at 72 °C for 1 min,
and final elongation at 72 °C for 5 min. The PCR products were resolved



J.G. Lee et al.

Biomedicine & Pharmacotherapy 135 (2021) 111206

Control

AOM/DSS

AOM/DSS + ampicillin
AOM/DSS + neomycin
AOM/DSS + metronidazole
AOM/DSS + vancomycin
AOM/DSS + antibiotic cocktail

1304

thtad

¥

1104

100

Weight change (%)

©
-3
1

80

1

AOM 2% DSS 2% DSS
— —
12.5mg/kg
1 1 1 1 1 1 1 1 1 1 1
> o o S 3 o o > o o
& P < & 5 o o g g & &

Fig. 2. Changes in mouse body weight during the study period. Body weight is expressed as the percentage change over initial body weight. Body weight decreased
at the beginning of antibiotic treatment in the antibiotic cocktail group and during the first round of DSS administration in the ampicillin group. There was no
significant difference in body weight between groups at the end of the experiment. AOM, azoxymethane; DSS, dextran sodium sulfate.

by electrophoresis on 1.5 % agarose gels that contained Safe-Pinky DNA
gel staining solution (GenDEPOT) and bands were visualized using a
ChemiDoc™ XRS + System (Bio-Rad, CA, USA). The primer sequences
used for PCR are shown in Table A.3 in supplementary material.

2.6. DNA extraction and 16S rRNA gene sequencing

Mouse fecal samples were collected at baseline and before the mice
were sacrificed and immediately stored at —80 °C. To extract bacterial
DNA, bacterial walls were pulverized using phenol/chloroform extrac-
tion and a bead beating method, and purified DNA was extracted using a
PowerFecal DNA Isolation Kit (MOBIO Laboratories, USA).

To amplify the extracted DNA, primers for the V3-V4 region of the
16S rRNA gene were used as follows: forward, 5'-TCGTCGGCAGCGT-
CAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3'; reverse, 5'-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGA-
CAGGACTACHVGGGTATCTAATCC-3'. Gene amplification conditions
were initial denaturation at 95 °C for 5 min, denaturation 35 times at
95 °C for 40 s, primer annealing at 57 °C for 40 s, extension at 72 °C for
60 s, and a final elongation at 72 °C for 60 s. Amplified 16S rRNA PCR
products were quantified, purified, and sequenced using the MiSeq
platform (Illumina). The short or extra-long reads in the sequences were
trimmed, and the filtered sequence was classified using CD-HIT-DUP.
Chimeric reads were identified, and small noise sequences were
removed. Sequences with 97 % accordance among the remaining
representative readings were classified as operational taxonomic units
(OTUs). A taxonomy for each OTU representative sequence was assigned
using the QIIME pipeline. Alpha diversity was measured using the Chao
1 richness index, Shannon index, Simpson index, and the observed
number of OTUs. Principal coordinate analysis was performed to eval-
uate structural changes of the gut microbial community. The complete
genome sequence dataset has been deposited in the NCBI Sequence Read
Archive under BioProject accession number PRINA635665.

2.7. Statistical analysis
Continuous and categorical variables were compared between

groups using the Mann-Whitney test and Chi-square or Fisher’s exact
tests, respectively. A p-value <0.05 was considered statistically

significant. All statistical procedures were performed using R (version
3.5.2; R Foundation for statistical calculations in Vienna, Austria).

3. Results

3.1. Antimicrobial therapy differentially suppressed colon tumorigenesis
depending on antibiotic type

Body weight of the mice rapidly decreased at the beginning of
antibiotic administration and then gradually recovered in the antibiotic
cocktail treatment group. In the ampicillin treatment group, body
weight decreased when DSS was administered and then recovered
thereafter (Fig. 2).

Figs. 3 and 4 show the impact of various antimicrobial therapies on
colon tumorigenesis and inflammation. Colitis and tumorigenesis were
induced by AOM/DSS injection, resulting in severe inflammation and
higher tumor numbers in the AOM/DSS group than in the control group.
Tumorigenesis was most markedly suppressed in the mice treated with
the antibiotic cocktail. Mice receiving antibiotic cocktail treatment with
AOM/DSS (cocktail group) had longer colon length, fewer tumor
numbers, and lower histological inflammation scores than those
receiving AOM/DSS alone. Tumorigenesis was also suppressed in the
individual antibiotic treatment groups, but not as markedly as in the
antibiotic cocktail treatment group. In addition, individual antibiotic
treatment had different effects on colon tumorigenesis and inflamma-
tion. Metronidazole treatment attenuated both tumorigenesis and colon
inflammation. Neomycin treatment suppressed tumorigenesis but did
not alleviate inflammation. Ampicillin and vancomycin treatments did
not significantly attenuate either tumor formation or colon inflamma-
tion. The degree of histological inflammation was positively correlated
with tumorigenesis.

Antimicrobial therapy altered the expression of various inflamma-
tory cytokines. The expression of IL-6, TNF-a, IFN-y, IL-17A, IL-10, IL-
22, and SOCS3 was significantly increased in the AOM/DSS group
compared with the control group. The antibiotic cocktail group showed
significantly decreased relative expression of TNF-a, IFN-y, IL-17A, IL-
10, and IL-22 as compared with the AOM/DSS group. Individual anti-
biotic treatment groups each showed differential expression of cyto-
kines. The expression of IL-10 and IL-22 was significantly decreased in
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all the antibiotic-treated groups. The expression of IL-18 was increased
in the neomycin, metronidazole, and antibiotic cocktail treatment
groups relative to the AOM/DSS group (Fig. 5).

Taken together, tumorigenesis was most markedly suppressed in the
antibiotic cocktail treatment group, but it was also significantly sup-
pressed in the neomycin and metronidazole treatment groups. Histo-
logically confirmed colon inflammation was significantly alleviated in
the metronidazole and antibiotic cocktail treatment groups.

3.2. Antimicrobial therapy differentially altered the diversity and
composition of the gut microbiota depending on the type of antibiotic
treatment

Fig. 6 shows the gut microbial diversity of each antibiotic treatment
group. Rarefaction curves show that the observed OTUs were signifi-
cantly decreased in the antibiotic cocktail, vancomycin, and ampicillin
treatment groups. Observed OTUs of the neomycin treatment group did
not decrease significantly compared with the AOM/DSS group. Simi-
larly, the Chao 1 richness, Shannon, and Simpson indices were most
markedly reduced in the ampicillin, vancomycin, and antibiotic cocktail
treatment groups.

In addition, principal coordinate analysis showed that the gut mi-
crobial composition of each antibiotic treatment group was significantly
different from each other at the end of the study. Changes in gut
microbiota at the phylum level demonstrated a decrease in the relative

abundance of Bacteroidetes in the AOM/DSS group, and an increase in
the relative abundance of the Proteobacteria in the antibiotic cocktail
treatment group. In the ampicillin treatment group, the relative abun-
dance of Bacteroidetes and Firmicutes decreased, whereas the relative
abundance of Proteobacteria and Tenericutes increased. In the
neomycin treatment group, the relative abundance of Deferribacteres
decreased and that of Verrucomicrobia increased. The relative abun-
dance of Actinobacteria and Verrucomicrobia increased in the metro-
nidazole treatment group. In the vancomycin treatment group, the
relative abundance of Bacteroidetes was decreased and the abundance
of Proteobacteria and Verrucomicrobia increased significantly (Fig. 7).

3.3. Gut microbial diversity and community structure were associated
with tumorigenesis

Antibiotic cocktail therapy led to gut bacterial depletion and was
associated with suppression of tumorigenesis. The median number of
OTUs was reduced from 186 to 9 after administration of the antibiotic
cocktail. The number of OTUs was generally positively correlated with
the number of tumors. However, in the ampicillin and vancomycin
treatment groups, tumorigenesis was not suppressed although the
number of OTUs was significantly reduced. Meanwhile, in the metro-
nidazole and neomycin treatment groups, both the number of OTUs and
the number of tumors were moderately reduced compared with the
AOM/DSS group.
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Fig. 4. Colon inflammation was suppressed to varying degrees and was positively correlated, but not completely consistent, with tumorigenesis. (A) Representative
histological findings. Images were taken from the distal part of the colon at 40x and 100x magnifications. Scale bar, 200 pm. (B) Histological score for colon
inflammation was significantly lower in the metronidazole and antibiotic cocktail treatment groups than in the AOM/DSS group. (C) Histological score and number of

tumors were positively correlated.

In an analysis of the correlation between specific bacterial popula-
tion and tumor burden, the phyla Proteobacteria and Tenericutes were
positively correlated with tumor burden. The genera Enterobacter and
Proteus were also positively correlated with tumor burden. The phyla
Bacteroidetes plus Firmicutes and the order Clostridiales were nega-
tively correlated with tumor burden (Fig. 8).

4. Discussion

In this study, we demonstrated that antibiotic therapy induces
changes in gut microbial composition and attenuates colon tumorigen-
esis in the AOM/DSS-induced murine CAC model. Antibiotic cocktail
therapy resulted in the depletion of gut bacterial community and a
marked reduction in tumor burden. Individual antibiotic treatments
differentially altered the gut microbial composition and showed
different effects on tumor suppression, but the degree of tumor sup-
pression was less pronounced than that relative to the antibiotic cocktail
therapy. The phyla Proteobacteria and Tenericutes were found to be
positively correlated with tumor burden.

In our results, colonic inflammation and tumorigenesis were posi-
tively correlated overall. However, the degree of colitis is not always
consistent with the degree of tumorigenesis. In the neomycin treatment
group, tumorigenesis was significantly suppressed although colon
inflammation was not alleviated. These results suggest that the gut
microbiota plays a certain role in tumorigenesis in addition to inflam-
mation. A previous study demonstrated that colonization with E. coli or
Enterococcus faecalis differentially affects colon tumorigenesis without
affecting inflammation in AOM-treated interleukin-10 deficient germ-
free mice, suggesting that the microbes contributing to the develop-
ment of colonic inflammation and CAC are not identical [12]. In addi-
tion, colon tumorigenesis is a sequential process in which several factors
work together, and a substantial body of literature suggests that mi-
crobes, inflammation, and tumorigenesis are intimately connected and
influenced by each other [11,13]. Several specific microorganisms are
known to be implicated in the development of CRC, including

Streptococcus gallolyticus, E. faecalis, colibactin-producing E. coli, en-
terotoxigenic B. fragilis, and F. nucleatum [11]. However, not only indi-
vidual microbes but also the gut microbial community as a whole may
contribute to colon tumorigenesis [9].

The results of this study show that the administration of ampicillin
and vancomycin did not significantly attenuate tumorigenesis. After
administration of ampicillin and vancomycin, relative abundance of the
phyla Proteobacteria and Tenericutes was increased, which was asso-
ciated with high tumor burden. On the other hand, tumorigenesis was
suppressed in the neomycin and metronidazole treatment groups, where
the relative abundance of phyla Proteobacteria and Tenericutes was not
increased and the abundance of phyla Bacteroidetes and Firmicutes was
relatively maintained. In a previous study using human colorectal tu-
mors, the relative abundance of phyla Bacteroidetes and Firmicutes was
decreased and the abundance of phyla Proteobacteria and Tenericutes
was increased in colorectal adenoma tissue relative to normal colon
tissue [14]. The phylum Proteobacteria occupies a minor portion of the
normal human gut microbiome, but the relative abundance of Proteo-
bacteria increases in metabolic or inflammatory disorders and cancer
[15]. The Proteobacteria and its metabolites have been reported to be
associated with CRC [16]. The phylum Firmicutes is the most dominant
phylum in the normal gut microbiome and reductions in the abundance
or diversity of Firmicutes has been associated with IBD [17]. Our results
support previous results that the overall gut microbial community plays
an important role in colon tumorigenesis.

Antibiotic cocktail therapy reduced tumor burden most significantly
among the various antibiotic treatments and also led to a depletion of
the gut microbiota. The antibiotic-induced microbiome depletion model
is different from the germ-free mouse model in that the gut microbiome
has not been completely eradicated and the immune system has devel-
oped normally [18]. These mice have shown increased insulin sensi-
tivity, altered bile acid metabolism, and alleviation of inflammation
[18]. In addition, gut microbial depletion has been shown to reduce
tumor burden in multiple xenograft cancer models as well as in the
intraluminal CRC model [10]. Moreover, an increased load of gut
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Fig. 5. Cytokine expression was altered by antibiotic treatment. (C, D, E) The expression of TNF-a, IFN-y, and IL-17A was significantly increased in the AOM/DSS
group compared with the control group, and was decreased in the antibiotic cocktail treatment group. (F, G) The expression of IL-10 and IL-22 was significantly
decreased in all antibiotic treatment groups. (I) The expression of IL-18 was increased in the neomycin, metronidazole, and antibiotic cocktail treatment groups

relative to the AOM/DSS group. AOM, azoxymethane; DSS, dextran sodium sulfate.

*p < 0.05, ** p < 0.01, *** p < 0.001

bacteria has been reported to be associated with colonic inflammation
and tumorigenesis [19]. Our results, which led to eradication of the gut
microbiota and suppression of colon tumorigenesis with antibiotic
cocktail therapy, are consistent with previous literature, suggesting that
total colitogenic microbiota load and the interaction between the gut
microbiota and the immune system are important factors in colon
tumorigenesis.

Several specific bacterial species have been implicated in the path-
ogenesis of CRC. However, certain microbial species may be inter-
changeable in terms of functionality due to the functional redundancy of
gut microbiota. Certain microorganisms of different composition can act
similarly and produce similar protein and metabolite profiles [20,21].
Therefore, even if only a single strain associated with CRC is eliminated,
other strains can contribute to tumorigenesis by taking a similar role.
This data suggests that no one single pathogenic strain plays an absolute
role in the development of CRC, and plenty of gut microbiota species will
be involved in a complex manner, and the interaction and community

function of the gut microbiota plays an important role in colon
tumorigenesis.

Antibiotics are used to eradicate specific pathogenic bacteria in
clinical practice, but antibiotics cause heavy collateral damage on gut
commensal bacteria and long-term metabolic consequences [22,23]. On
the other hand, certain antimicrobial agents have anti-inflammatory and
immunomodulatory effects [24,25]. Antimicrobial therapy has been
effective in inducing clinical remission in patients with IBD [26-28], and
depletion of gut microbiota using antibiotics has led to an improvement
in metabolic profiles and a suppression of tumorigenesis in mouse
models. [10,18]. In addition, it has been reported that antibiotics sup-
press colon tumorigenesis by inhibiting aberrant DNA methylation [29].
Furthermore, antibiotic treatment can remove bacterial biofilms that
create conditions conducive to colon carcinogenesis in patients with
CRC [30]. From this point of view, gut microbiota modulation through
antimicrobial therapy may emerge as a potential treatment strategy for
CRC.
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In conclusion, colon tumorigenesis was attenuated through various
antimicrobial therapies as assessed in the AOM/DSS-induced mouse
CAC model. Individual antimicrobial therapy suppressed colon tumori-
genesis to various levels by differentially altering the diversity and
composition of gut microbiota. Since the degree of tumor reduction by
individual antibiotics is lower than that by antibiotic cocktail treatment,
interaction in the global gut microbial community seems to play a more
important role in the development of CAC than individual bacterial
species.
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Fig. 8. Gut microbial diversity and community
structure are associated with tumorigenesis. (A)
Overall, number of OTUs was positively corre-
lated with the number of tumors. (B, C) The
phyla Proteobacteria and Tenericutes were
positively correlated with tumor burden. (D, E)
The genera Enterobacter and Proteus were posi-
tively correlated with tumor burden. (F, G) The
phyla Bacteroidetes plus Firmicutes and the
order Clostridiales were negatively correlated
with tumor burden. OTU, operational taxo-
nomic unit; AOM, azoxymethane; DSS, dextran
sodium sulfate.
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