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BACKGROUND & AIMS: Alterations in the intestinal microbiota
affect development of colorectal cancer and drug metabolism.
We studied whether the intestinal microbiota affect the ability
of aspirin to reduce colon tumor development in mice.
METHODS: We performed studies with APCmin/þ mice and
mice given azoxymethane and dextran sulfate sodium to induce
colorectal carcinogenesis. Some mice were given antibiotics to
deplete intestinal microbes, with or without aspirin, throughout
the entire experiment. Germ-free mice were studied in validation experiments. Colon tissues were collected and analyzed by
histopathology, quantitative reverse-transcription polymerase
chain reaction, and immunoblots. Blood samples and gut
luminal contents were analyzed by liquid chromatography/
mass spectrometry and an arylesterase activity assay. Fecal
samples were analyzed by 16S ribosomal RNA gene and
shotgun metagenome sequencing. RESULTS: Administration of
aspirin to mice reduced colorectal tumor number and load in
APCmin/þ mice and mice given azoxymethane and dextran
sulfate sodium that had been given antibiotics (depleted gut
microbiota), but not in mice with intact microbiota. Germfree mice given aspirin developed fewer colorectal tumors
than conventionalized germ-free mice given aspirin. Plasma
levels of aspirin were higher in mice given antibiotics than in
mice with intact gut microbiota. Analyses of luminal contents
revealed that aerobic gut microbes, including Lysinibacillus
sphaericus, degrade aspirin. Germ-free mice fed L sphaericus
had lower plasma levels of aspirin than germ-free mice that
were not fed this bacterium. There was an inverse correlation between aspirin dose and colorectal tumor development
in conventional mice, but this correlation was lost with
increased abundance of L sphaericus. Fecal samples from
mice fed aspirin were enriched in Biﬁdobacterium and
Lactobacillus genera, which are considered beneﬁcial, and
had reductions in Alistipes ﬁnegoldii and Bacteroides fragili,
which are considered pathogenic. CONCLUSIONS: Aspirin reduces development of colorectal tumors in APCmin/þ mice and
mice given azoxymethane and dextran sulfate sodium, depending on the presence of intestinal microbes. L sphaericus in the gut

degrades aspirin and reduced its chemopreventive effects in
mice. Fecal samples from mice fed aspirin were enriched in
beneﬁcial bacteria, with reductions in pathogenic bacteria.
Keywords: Microbiome; Anti-Inﬂammatory; Colon Cancer;
Chemoprevention.
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olorectal cancer (CRC) incidence remains high
globally, in spite of efforts devoted toward its control. The global persistence of CRC necessitates a paradigm
shift in management strategy, from clinical treatment to
preclinical prevention.1 Aspirin has emerged as a promising
agent for chemoprevention of colorectal adenoma and cancer.
The mechanistic basis for the preventive effect of aspirin is
presumed to be the irreversible inhibition of cyclooxygenase2 (COX-2) and the consequent down-regulation of prostaglandin E2 (PGE2).2 Accumulating evidence from clinical
randomized controlled trials consistently highlighted the
effectiveness of aspirin on CRC prevention.3,4 The US Preventive Services Task Force recommended long-term aspirin
use for CRC prevention among the population primarily
selected for cardiovascular disease prevention.5 Nevertheless,
for largely unknown reasons, the chemopreventive efﬁcacy of
aspirin varies among individuals.6,7
CRC is distinct from other cancer types due to its direct
exposure to trillions of gut microorganisms during development. We, and others, have identiﬁed the gut microbiota
as an important factor in CRC initiation and progression.8,9

Abbreviations used in this paper: AOM, azoxymethane; APC, adenomatous polyposis coli; BHI, brain heart infusion; COX-2, cyclooxygenase-2;
CRC, colorectal cancer; DSS, dextran sulfate sodium; mRNA, messenger
RNA; PGE2, prostaglandin E2; GI, gastrointestinal; UHPLC-Q-TOF/MS,
ultra-high performance liquid chromatography-quadrupole time-of-ﬂight
mass spectrometry.
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the potential gut microbes that can modulate the chemopreventive efﬁcacy of aspirin on CRC.

BACKGROUND AND CONTEXT
Intestinal microbiota affect development of colorectal
cancer (CRC) and drug metabolism. We investigated
whether the gut microbiota affects the ability of aspirin
to prevent colon tumor formation in mice.
NEW FINDINGS
Aspirin reduces development of colorectal tumors in
APCmin/þ mice and mice given azoxymethane and
dextran sodium sulfate, depending on the presence of
intestinal microbes. L sphaericus in the gut degraded
aspirin and reduced its ability to prevent tumor
formation in mice. Fecal samples from mice fed aspirin
were enriched in beneﬁcial bacteria, with reductions in
pathogenic bacteria.
LIMITATIONS
This study was performed in mice—studies are needed in
humans.
IMPACT
Reduction of intestinal Lysinibacillus sphaericus or other
microbes might increase the efﬁcacy of aspirin in
reducing risk of CRC in humans.
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Notably, the composition of the gut microbiota is responsive
to multiple host factors, including diet, lifestyle, and medications.10,11 Drugs, including aspirin, can alter the composition of microbiota in the oral cavity of rats and the gut of
human.12,13 Interaction between drugs and microbiota can
be bidirectional, including drug-induced shift in microbial
composition and microbiota-mediated modulation of drug
potency.14 The biological transformation of drugs by the gut
microbiota can contribute to their therapeutic efﬁcacy.15 A
recent study indicated that gut microbiota reduced the
antithrombotic activity of aspirin by reducing its level in
circulation after oral administration.16 Moreover, the difference in blood levels of aspirin in rats with and without
microbial depletion was abolished by intravenous aspirin
administration.16 These ﬁndings provide clues for the existence of crosstalk between aspirin and the gut microbiota.
However, the impact of such crosstalk on CRC chemoprevention remains unexplored.
This study was performed to delineate the role of gut
microbiota in aspirin-mediated CRC chemoprevention. We
examined the impact of microbiota depletion on the preventive efﬁcacy of aspirin in CRC mouse models—genetically engineered APCmin/þ and carcinogen azoxymethane
(AOM) and dextran sulfate sodium (DSS)–treated CRC
mouse models. APCmin/þ mouse model with mutation at
codon 850 of the APC gene mimics human familial adenomatous polyposis–associated CRC. The chemically induced
AOM/DSS mouse model mimics human colitis–associated
and sporadic CRC. These 2 mouse models represent human populations with familial adenomatous polyposis and
inﬂammatory bowel diseases who are at high risk of
developing CRC, respectively.17,18 We used these 2 models
in this study to evaluate the efﬁcacy of CRC chemoprevention by aspirin. We screened, identiﬁed, and characterized

Methods
Conventional Mouse Models
Male C57BL/6 mice at 8 weeks old were intraperitoneally
injected with 10 mg/kg AOM (Merck, Darmstadt, Germany),
followed by 3 cycles of DSS (MP Biomedicals, Solon, OH)
administration to mimic colitis-associated CRC. For each cycle,
mice were allowed free access to drinking water supplemented
with 2.0% DSS for 5 days, followed by 16 days of regular water.
Drinking water was supplemented with antibiotics cocktail
(0.2 g/L of ampicillin, neomycin, and metronidazole and 0.1 g/L
of vancomycin) for 2 weeks, every other 2 weeks, until the end
of experiment, to deplete the gut microbiota. Aspirin (Byer,
Leverkusen, Germany), freshly prepared (400 mg/L) in drinking water twice a week, was continuously given to mice
through the entire experiment. Male APCmin/þ C57BL/6 mice at
5–6 weeks old were exposed to the same antibiotics and aspirin
treatments as the AOM/DSS mouse model to mimic spontaneous genetically induced CRC.
Mice were harvested at days 80 and 84 for AOM/DSS and
APCmin/þ models, respectively. All procedures adhered to the
guidelines approved by the Animal Experimentation Ethics
Committee of the Chinese University of Hong Kong.

Germ-Free Mouse Model
Male germ-free wild-type Kunming mice (10 weeks old)
were treated with AOM and DSS to induce intestinal neoplasia.
The treatment regimens of AOM, DSS, and aspirin were the
same as described for conventional mice. To determine the
direct effects of microbiota on chemoprevention, we conventionalized germ-free mice by placing their cages out of
germ-free environment at 10 weeks old before treatment. The
remaining procedures performed were the same as described
for conventional mice. Germ-free mice were bred at the
Department of Laboratory Animal Science, The Third Military
Medical University, Chongqing, China. The germ-free animal
experiments were approved by the Animal Experimentation
Ethics Committee of The Third Military Medical University.

Aspirin Assay
The levels of aspirin from plasma, gut luminal contents, and
culture medium were determined by ultra-high-performance
liquid chromatography-quadrupole time-of-ﬂight mass spectrometry (UHPLC-Q-TOF/MS). The detection sample was mixed
in 5 mL 4-Cl-phenylalanine (0.39 mg/mL, internal standard).
Aspirin and salicylic acid were extracted twice by 400 mL cold
methanol. Supernatants were dried under nitrogen stream and
detected by UHPLC (1290 Inﬁnity LC; Agilent, Santa Clara, CA)
and MS (6550 Q-TOF/MS; Agilent).

Salicylic Acid Assay
The primary metabolite of aspirin, salicylic acid, was
examined in culture medium by using Trinder’s method.19
Equal numbers of fecal bacteria (estimated by optical density
600) from APCmin/þ mice with and without antibiotic treatment
were inoculated into the brain heart infusion (BHI) medium
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Arylesterase Activity Assay
Arylesterase activity, depicting the degradation of aspirin, in
conditional bacterial culture medium was determined by hydrolysis of p-nitrophenyl acetate (Merck, Darmstadt, Germany), a
chemical with a structure similar to that of aspirin. The reaction
solution containing 10 mL of supernatant and 190 mL of 0.35
mmol/L p-nitrophenyl acetate was prepared in 96-well plates.
Arylesterase activity in each well was determined by absorbance
at 405 nm using a spectrophotometer (ThermoFisher Scientiﬁc).

Screening of Fecal Bacteria by High-Throughput
Arylesterase Assay
Fecal bacteria from antibiotics-naïve aspirin-treated APCmice, cultured in cooked meat medium, were diluted and
spread on BHI agar plates. Each colony was picked up after 48
hours of aerobic culture at 37 C and transferred into 1 well of
96-well plates containing 150 mL BHI broth. After aerobic incubation at 37 C for 48 hours, the arylesterase activity of each
well was measured and bacteria in the wells showing high
arylesterase activity were sub-cultured in BHI broths for
further analysis.
min/þ

Shotgun Metagenomic Sequencing Analysis of
Fecal Samples
Shotgun metagenomic sequencing of mice fecal samples
were performed on Illumina HiSeq 2000 platform (Illumina,
San Diego, CA) and quality controlled as described previously.20
Taxonomy was assigned to reads using k-mer–based algorithms implemented in Kraken taxonomic annotation pipeline.21 The ﬁnal read counts were rariﬁed to the sample with
the lowest value and further normalized by cumulative sum
scaling. Our in-house fecal shotgun metagenomic sequences
were examined for the abundance of candidate bacteria identiﬁed from mouse fecal samples.22

Identiﬁcation and Validation of Bacteria With
Aspirin-Degradation Effect
Bacteria with high arylesterase activity, isolated from antibiotics-naïve aspirin-treated APCmin/þ mice, were identiﬁed by
matrix-assisted laser desorption/ionization TOF/MS using
Microﬂex LT (Bruker, Karlsruhe, Germany). To conﬁrm the
identity of bacteria candidates, polymerase chain reaction–based
ampliﬁcation of bacterial 16S ribosomal RNA gene followed by
sequencing was performed. The primers for ampliﬁcation were
27FYM
(50 -AGAGTTTGATYMTGGCTCAG-30 )
and
1492R
(50 GGTTACCTTGTTACGACTT30 ). Aspirin-degradation effect of
the identiﬁed bacteria species was validated by measurement of
the remaining aspirin level in aspirin-containing medium after 2hour aerobic co-incubation with the identiﬁed bacteria.
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Statistical Analysis
The numerical variables between 2 groups were compared
using unpaired Student t test or Mann-Whitney U test, where
appropriate. Comparisons of categorical variables between 2
groups were performed using c2 test or Fisher exact test.
Repeated measurement data were analyzed by 2-way analysis
of variance test. All statistical analyses were conducted using
GraphPad Prism, version 7.0 (GraphPad, La Jolla, CA) or SPSS,
version 23.0 (IBM Corp, Armonk, NY). Differences were
considered signiﬁcant with P values <.05. Additional methods
are provided in the Supplementary Material.

Results
Depletion of Gut Microbiota Enhances the
Effectiveness of Aspirin on Colorectal Cancer
Prevention in Mice
To evaluate the impact of gut microbiota on the chemoprevention of CRC by aspirin, we used an antibiotics
cocktail to deplete the gut microbiota in AOM/DSS-treated
C57BL6 wild-type mice receiving aspirin (400 mg/L drinking water) (Figure 1A). The successful depletion of gut
bacteria by antibiotics was conﬁrmed by quantiﬁcation of
fecal 16S ribosomal RNA gene levels (Supplementary
Figure 1). Aspirin treatment led to signiﬁcant reductions
of colorectal tumor number and load in mice with depleted
microbiota, but not in mice with intact gut microbiota
(Figure 1B and C). To verify this ﬁnding, we established
another CRC model with transgenic APCmin/þ mice
(Figure 1D). Consistent with the results in AOM/DSSinduced CRC model, aspirin signiﬁcantly decreased colorectal tumor number and load in microbiota-depleted
APCmin/þ mice, but not in microbiota-intact controls
(Figure 1E and F). These ﬁndings consistently suggest that
the gut microbiota impair the chemopreventive effect of
aspirin on colorectal tumorigenesis.
To further validate the impact of gut microbiota on the
prevention of CRC by aspirin, we evaluated colorectal
tumorigenesis induced by AOM/DSS in germ-free mice
(Figure 2A). As expected, aspirin signiﬁcantly reduced
colorectal tumor number and load in germ-free mice relative to untreated germ-free control mice. The suppressive
effect of aspirin on tumorigenesis was, however, impaired
by conventionalization of the germ-free mice (Figure 2B and
C). This further conﬁrmed that depletion of microbiota
enhanced the chemopreventive efﬁcacy of aspirin on colorectal tumorigenesis.

Gut Microbiota Dampens the Inhibitory Effect of
Aspirin on COX-2 and b-Catenin
The prevention of CRC by aspirin is associated with its
inhibition of COX-2 expression and COX-2–catalyzed PGE2
production.2 We therefore determined the effect of aspirin
on colonic tissue COX-2 expression and plasma PGE2 level
in microbiota-depleted and germ-free mice. Treatment with
aspirin resulted in signiﬁcantly decreased levels of colonic
COX-2 messenger RNA (mRNA) and protein expressions,
and plasma PGE2 in mice with depleted microbiota, but not
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(ThermoFisher Scientiﬁc, Waltham, MA) containing aspirin (10
mM). After 2-hour co-incubation at 37 C, the level of salicylic
acid in medium was measured by using Trinder’s method.19
Brieﬂy, the supernatant of medium was mixed with a solution
containing 40 g ferric nitrate, 40 g mercuric chloride, and 120
mL 1N HCL in 1 L ddH2O at 1:5 ratio. Salicylic acid was
quantiﬁed by absorbance value at 540 nm. The plasma and
luminal content levels of salicylic acid were evaluated by
UHPLC-Q-TOF/MS.
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in microbiota-intact mice in both AOM/DSS (Figure 3A and
B) and APCmin/þ mice (Figure 3C and D). Consistently, reductions of COX-2 mRNA and protein expressions
(Figure 3E) and plasma PGE2 level (Figure 3F) were
observed in AOM/DSS-treated germ-free mice, but not in
conventionalized germ-free mice. Given that aspirintargeted COX-2 and PGE2 have crosstalks with CRCassociated Wnt/b-catenin signaling pathways,23 and that
nuclear accumulation of b-catenin reﬂects Wnt activation,
which promotes tumorigenesis in AOM/DSS-treated and
APCmin/þ colorectal carcinogenesis,24 we determined
whether aspirin inﬂuences the protein level of nuclear bcatenin in the colonic tissues of mice. Decreased nuclear bcatenin was observed with aspirin treatment in microbiotadepleted mice, but not in microbiota-intact mice in both
AOM/DSS-treated (Figure 3G) and APCmin/þ mice
(Figure 3H). Concordantly, reduced expression of nuclear bcatenin by aspirin was observed in AOM/DSS-treated germfree but not in conventionalized AOM/DSS-treated germ-free
mice (Figure 3I). Taken together, the decreased CRC tumorigenesis in microbiota-depleted mice was associated with the
increased inhibitory effect of aspirin on COX-2 and PGE2, and
decreased nuclear b-catenin, further indicating that the gut
microbiota modulate the therapeutic efﬁcacy of aspirin.

Bioavailability of Aspirin Is Elevated in
Microbiota-Depleted Mice
To explain the enhanced CRC inhibitory effect of aspirin
in microbiota-depleted mice, we evaluated the plasma level
of aspirin in mice with or without intact microbiota. An
antibiotics cocktail was administered to APCmin/þ mice for 5
days, followed by oral administration of aspirin (10 mg/kg)
(Figure 4A) and subsequent UHPLC-Q-TOF/MS analysis
(Figure 4B). We found that the plasma level of aspirin was
signiﬁcantly increased at both 0.5 hour and 1 hour post
aspirin administration in antibiotics-treated mice relative to
mice with intact microbiota (Figure 4C and D). To conﬁrm
this observation, we evaluated the level of salicylic acid, the
primary metabolite of aspirin, in the plasma. The plasma
level of salicylic acid increased at 1 hour post aspirin
administration in microbiota-depleted mice compared with
mice with intact microbiota (Supplementary Figure 2).
These ﬁndings suggest that the gut microbiota are associated with the reduction of aspirin bioavailability.

Chemopreventive Effects of Aspirin

973

A higher dose of aspirin (1200 mg/L in drinking water) was
administered to AOM/DSS-treated mice (Figure 4E) and
APCmin/þ mice (Figure 4G). In contrast to the observations
in microbiota-intact mice that received a lower dose of
aspirin (400 mg/L in drinking water) (Figure 1C and F), we
found signiﬁcantly reduced colorectal tumor number and
load in microbiota-intact mice treated with a higher dose of
aspirin compared with mice without aspirin treatment in
both AOM/DSS-treated and APCmin/þ mice (Figure 4F and
H). This observation indicates that the bioavailability of
aspirin is associated with its protective effect against colorectal tumorigenesis.

Gut Aerotolerant Microbes Are Associated With
Aspirin Degradation and its Chemopreventive
Efﬁcacy
With the observation that the gut microbiota impair the
preventive effect of aspirin on CRC by reducing its
bioavailability, we screened for gut microbes with aspirindegradation potential. Fecal samples from aspirin-treated
APCmin/þ mice were cultured in cooked meat medium and
subsequently in aspirin-containing BHI medium under aerobic and anaerobic conditions, followed by examination of
the degradation effect on aspirin in the medium (Figure 5A).
We found that arylesterase activity, depicting aspirin
degradation, was signiﬁcantly higher in the medium
exposed to fecal bacteria from antibiotics-naïve mice than
from antibiotics-treated mice under aerobic culture condition (Figure 5B). However, the difference was not observed
under anaerobic culture condition (Figure 5B). In addition,
the salicylic acid level in the aspirin-containing medium was
signiﬁcantly lower when co-incubated with fecal bacteria
from antibiotics-treated mice compared with antibioticsnaïve mice under aerobic culture condition, but not under
anaerobic condition (Figure 5C). Consistently, UHPLC-QTOF/MS analysis showed that the aspirin level in the culture medium was signiﬁcantly lower after exposure to the
fecal bacteria from antibiotics-naïve mice than from
antibiotics-treated mice under aerobic culture condition, but
not anaerobic culture condition (Figure 5D). However, the
salicylic acid level in the medium was not signiﬁcantly
different between the 2 groups under both aerobic and
anaerobic culture conditions (Figure 5D). These results
collectively suggest that enteric aerotolerant microbes are
involved in aspirin degradation.

Enhanced Bioavailability Contributes to the
Chemopreventive Efﬁcacy of Aspirin

Lysinibacillus sphaericus Degrades Aspirin
in Vitro and in Vivo

We further determined whether the bioavailability of
aspirin is associated with its chemopreventive effect on CRC.

To identify speciﬁc gut microbes important in aspirin
degradation, we screened the fecal samples from aspirin-

=
Figure 1. Depletion of gut microbiota enhances the effect of aspirin on the prevention of CRC. (A) Schematic overview
of treatments in AOM/DSS-induced cancer model. After initial AOM injection (10 mg/kg), 3 cycles of 2.0% DSS were given
in drinking water before sacriﬁce at day 80. n ¼ 25 for each group. (B) Representative images of large intestines (left panels)
and H&E staining of adenomas (right panels) in AOM/DSS-treated mice. Each red arrow points at 1 tumor location. (C) Tumor
number and tumor load in AOM/DSS-treated mice, unpaired Student t test. (D) Schematic overview of treatments in APCmin/þ
cancer model. n ¼ 16 for control group, n ¼ 14 each for aspirin, antibiotics, and aspirinþantibiotics groups. (E) Representative
images of large intestines (left panels) and H&E staining of adenomas (right panels) in APCmin/þ mice. Each red arrow points at
1 tumor location. (F) Tumor number (left panel) and tumor load (right panel) in APCmin/þ mice, Mann-Whitney U test.
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Figure 2. Conventionalization of germ-free (GF) mice impairs the chemopreventive efﬁcacy of aspirin in GF mice. (A) Schematic overview of treatments in AOM/DSS-treated GF mice. After initial AOM injection (10 mg/kg), 3 cycles of 2.0% DSS were
administered to mice in drinking water before sacriﬁce at day 80. One-half of GF mice were conventionalized by placing their
cages out of the GF environment before AOM injection. n ¼ 14 for GF-control group, n ¼ 16 for GF-aspirin group, n ¼ 21 for
conventionalized GF (cGF)-control group, and n ¼ 29 for cGF-aspirin group. (B) Representative images of large intestines (left
panels) and H&E staining of adenomas (right panels) in AOM/DSS-treated GF and conventionalized mice. Each red arrow
points at 1 tumor location. (C) Tumor number (left panel) and tumor load (right panel) in AOM/DSS-treated GF and conventionalized mice, unpaired Student t test.
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Figure 3. The suppressive effects of aspirin on COX-2, PGE2, and nuclear translocation of b-catenin are enhanced in gut
microbiota-depleted mice and germ-free (GF) mice. (A) Relative COX-2 mRNA level (left panel) and COX protein level (right 2
panels) in distal colonic tissues in AOM/DSS-treated mice, n ¼ 10 for each group. (B) Plasma PGE2 level in AOM/DSS-treated
mice, n ¼ 10 for each group. (C) Relative COX-2 mRNA level (left panel) and COX-2 protein level (right 2 panels) in distal colonic
tissues (n ¼ 16 for control group, n ¼ 14 each for aspirin, antibiotics, and aspirinþantibiotics groups) in APCmin/þ mice. (D)
Plasma PGE2 level (right panel) (n ¼ 10 each for control and aspirinþantibiotics groups, n ¼ 9 for aspirin group, n ¼ 11 for
antibiotics group) in APCmin/þ mice. (E) Relative COX-2 mRNA level (left panel) and COX-2 protein level (right 2 panels) in distal
colonic tissues in GF mice, n ¼ 10 for each group. (F) Plasma PGE2 level in GF mice, n ¼ 10 for each group. (G) Nuclear bcatenin protein level in AOM/DSS-treated mice, n ¼ 10 for each group. (H) Nuclear b-catenin protein level in (n ¼ 16 for control
group, n ¼ 14 each for aspirin, antibiotics, and aspirinþantibiotics groups) in APCmin/þ mice. (I) Nuclear b-catenin protein level
GF mice, n ¼ 10 for each group. Sufﬁcient plasma and colon tissues could only be obtained from 10 mice in each group of
AOM/DSS-treated and GF mice. All were compared by unpaired Student t test. cGF, conventionalized germ-free.

treated microbiota-intact APCmin/þ mice under aerobic culture condition (Figure 6A). A total of 1093 bacterial colonies
were isolated, of which 37 showed high arylesterase activity
relative to blank culture medium. Combination of MS and
16S ribosomal RNA gene sequencing conﬁrmed that 25
colonies were L sphaericus, while 12 colonies were Staphylococcus xylosus (Figure 6A). Shotgun metagenomic
sequencing showed that the abundance of L sphaericus, but
not S xylosus, was reduced signiﬁcantly by antibiotics
treatment (Supplementary Figure 3A and B). To conﬁrm
whether L sphaericus and S xylosus could degrade aspirin,
we aerobically incubated each bacterium in aspirincontaining medium for 2 hours. We observed that L
sphaericus but not S xylosus signiﬁcantly reduced aspirin
level in the medium (Figure 6B). These ﬁndings indicated
that L sphaericus has the ability to degrade aspirin in vitro.
Aspirin is mainly absorbed in the upper gastrointestinal
(GI) tract,25 we therefore estimated the abundance of L
sphaericus in the small intestines of APCmin/þ mice. Metagenomic sequencing analysis conﬁrmed the presence of L

sphaericus in small intestines and its abundance in small
intestine was signiﬁcantly suppressed by antibiotics treatment (Supplementary Figure 3C), supporting the hypothesis
that L sphaericus in the upper GI tract degrades aspirin
before absorption.
In order to determine whether aspirin-degrading bacteria L sphaericus can impact the bioavailability of aspirin
in vivo, germ-free mice were gavaged with L sphaericus (1 
108 colony-forming units) once per day for 3 days, followed
by oral administration of aspirin (10 mg/kg) (Figure 6C).
We found that the plasma level of aspirin was signiﬁcantly
reduced in L sphaericus-monocolonized germ-free mice
compared with control germ-free mice at both 0.5 hour and
1 hour post aspirin administration (Figure 6D and E).
Moreover, the plasma level of salicylic acid was signiﬁcantly
lowered in L sphaericus–monocolonized mice at 3 hours
post aspirin administration (Supplementary Figure 4A). In
accordance with this, the level of salicylic acid in the colon
luminal content was also signiﬁcantly reduced at 3 hours
post aspirin administration in L sphaericus–monocolonized
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mice
compared
with
control
germ-free
mice
(Supplementary Figure 4B), suggesting that L sphaericus
may exert a further degradation effect on salicylic acid.
Taken together, our ﬁndings from in vitro and in vivo experiments indicate that L sphaericus causes aspirin degradation in the gut, thereby reducing aspirin bioavailability.

Lysinibacillus sphaericus Impairs the
Chemopreventive Efﬁcacy of Aspirin on
Colorectal Cancer
The inﬂuence of L sphaericus on CRC chemopreventive
efﬁcacy of aspirin in vivo was further evaluated by
increasing the abundance of L sphaericus (gavage, 1  109
colony-forming units, twice per week) in conventional
AOM/DSS-treated mice receiving high-dose aspirin (1200
mg/L) (Figure 6F). L sphaericus impaired the preventive
effect of high-dose aspirin on tumor number and tumor load
(Figure 6G), conﬁrming the role of L sphaericus in dampening the CRC preventive effect of aspirin. In vitro incubation of L sphaericus with antibiotics revealed that ampicillin
was the key component of the antibiotics cocktail inhibiting
the growth of L sphaericus (Supplementary Figure 5). We
administered ampicillin only to AOM/DSS-treated mice to
deplete L sphaericus. The elimination of aspirin-degrading L
sphaericus by ampicillin treatment resulted in enhanced
preventive effect of aspirin on tumor development
(Figure 6I), as observed with mice treated with antibiotics
cocktail. These observations further show that L sphaericus
possesses aspirin degradation potential and impairs aspirinmediated CRC chemoprevention.
We further analyzed our in-house human fecal metagenomic data from healthy subjects and adenoma patients.
The sequencing-based analysis revealed that the presence of
L sphaericus is detectable in 23 of 202 of healthy patients
and 27 of 197 of adenoma patients (Figure 6J), which may
explain, at least in part, the variability of aspirin efﬁcacy on
human CRC chemoprevention.

Aspirin Modulates the Gut Microbiota by
Enrichment of Probiotics
Having established the CRC chemoprevention activity of
aspirin with increased bioavailability, we aimed to explore
the contribution of the gut microbiota to mediating the protective effect of aspirin against colorectal tumorigenesis. We
performed shotgun metagenomics analysis of fecal samples
from APCmin/þ and AOM/DSS-treated mice with or without
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aspirin treatment. Principal component analysis showed that
the gut microbiota composition of APCmin/þ and AOM/DSStreated mice are different in aspirin-treated and control
aspirin-untreated mice (Supplementary Figure 6A and B).
Notably, distinct bacterial composition was seen post aspirin
treatment (Figure 7A). Linear discriminant analysis with effect size revealed the enrichment of probiotic Biﬁdobacterium
and Lactobacillus genera, including Biﬁdobacterium pseudolongum, B breve, B animalis, Lactobacillus reuteri, L gasseri,
and L johnsonii in aspirin-treated APCmin/þ mice compared
with control (Figure 7B and C). In AOM/DSS mice, probiotic
bacteria, including B pseudolongum and Faecalibacterium
rodentium, were enriched in aspirin-treated mice compared
with control (Supplementary Figure 7). These results suggest
that the enrichment of gut protective bacteria by aspirin may
represent a mechanism through which aspirin contributes to
CRC prevention. To determine the potential dose-dependent
shift of the gut microbiota by aspirin, we proﬁled the gut
microbial composition of high-dose aspirin-treated APCmin/þ
mice. In addition to increasing probiotics as observed with
low-dose aspirin, high-dose aspirin reduced the abundance of
pathogenic CRC-associated bacteria, including Alistipes ﬁnegoldii and Bacteroides fragilis26 (Supplementary Figure 8A),
suggesting an aspirin dose-dependent shift in gut microbiota
toward CRC chemoprevention.
To explore the potential biological function of the
aspirin-enriched "beneﬁcial" bacteria, fecal microbiota from
aspirin-treated and control APCmin/þ mice were transplanted into AOM/DSS-treated germ-free mice. We observed
a reduction in tumor number and load with no statistical
signiﬁcance in gnotobiotic mice with aspirin-modulated
microbiota (Supplementary Figure 8B). To separately
observe the function of aerobic and anaerobic bacteria, we
cultured the aspirin-modulated fecal bacteria under anaerobic and aerobic conditions, and gavaged AOM/DSS-treated
germ-free mice with the fecal cultures. Intriguingly, the CRC
suppressive effect of aspirin-modulated bacteria on tumor
number and tumor load was observed in gnotobiotic mice
gavaged with anaerobic but not aerobic fecal culture
(Figure 7D), indicating that the anaerobic bacteria in
aspirin-modulated microbiota exert a protective role against
CRC development. The direct impact of aspirin on gut
microbiota was determined by proﬁling the fecal microbiota
of APCmin/þ control mice pre- and post-anaerobic co-culture
with aspirin. In line with the ﬁndings in vivo, aspirin
increased the abundance of probiotic Biﬁdobacterium and
Lactobacillus species in vitro (Supplementary Figure 8C).

=
Figure 4. Depletion of microbiota is associated with elevation of aspirin bioavailability. (A) Schematic overview of experimental
design for studying the impact of microbiota on aspirin bioavailability. APCmin/þ mice with or without pre-antibiotic treatment
for 5 days were given aspirin (10 mg/kg) by gavage (n ¼ 10 for each group). Blood samples were collected at 0.5 hour and 1
hour post administration. (B) Product ion spectra of aspirin in UHPLC-Q-TOF/MS analysis. (C) Counts of aspirin in plasma
samples at 0.5 hour (left panel) and 1 hour (right panel). (D) Quantitative analysis of aspirin level in plasma samples. (E)
Schematic overview of experimental design for studying the effect of increased bioavailability on chemoprevention. AOM/
DSS-treated mice were given a higher dose of aspirin (1200 mg/L in drinking water). (F) Tumor number (left panel) and tumor load (right panel) in mice, n ¼ 12 for each group, unpaired Student t test. (G) Schematic overview of experimental design
for studying the effect of increased bioavailability on chemoprevention. APCmin/þ mice were given a higher dose of aspirin
(1200 mg/L in drinking water). (H) Tumor number (left panel) and tumor load (right panel) in mice, n ¼ 13 for each group,
unpaired Student t test. Aspirin_h: high-dose aspirin treatment.
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Figure 5. Aerotolerant gut microbes are associated with aspirin degradation. (A) Schematic overview of experimental design for
studying the impact of microbiota on aspirin in vitro (n ¼ 5 for each group). (B) Arylesterase activity in the medium exposed to
fecal samples under aerobic (left panel) and anaerobic (right panel) condition, 2-way analysis of variance test (ANOVA).
(C) Relative level of salicylic acid in aspirin-containing culture medium post aerobic incubation (right panel) and anaerobic
incubation (left panel) with fecal samples, 2-way ANOVA test. (D) Relative level of aspirin (upper panel) and salicylic acid
(lower panel) in aspirin-containing culture medium post aerobic and anaerobic incubation with fecal samples, Mann-Whitney
U test.
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Figure 6. Lysinibacillus sphaericus degrades aspirin and impairs its chemopreventive efﬁcacy. (A) Schematic overview of
procedures used in screening microbes with degradation effect on aspirin in vitro. (B) Relative level of aspirin in aspirincontaining culture medium post aerobic incubation with L sphaericus and Staphylococcus xylosus, 2-way analysis of variance (ANOVA) test. (C) Schematic overview of experimental design for studying the effect of L sphaericus on aspirin
bioavailability in germ-free mice. (D) Plasma aspirin level at 0.5 hour (left panel) and 1 hour (right panel). (E) Quantitative analysis
of plasma aspirin level, n ¼ 9 for each group, unpaired Student t test. (F) Schematic overview of experimental design for
studying the impact of L sphaericus on CRC chemoprevention. AOM/DSS-treated mice were gavaged with L sphaericus with
high aspirin dose (1200 mg/L in drinking water). (G) Tumor number (left panel) and tumor load (right panel) in mice (n ¼ 12 for
control and aspirin group, n ¼ 9 for L sphaericus group and n ¼ 13 for L sphaericusþaspirin group), unpaired Student t test. (H)
Schematic overview of experimental design for studying the effect of L sphaericus–targeted depletion on CRC chemoprevention of aspirin. (I) Tumor number (left panel) and tumor load (right panel) in mice (n ¼ 12 for control and aspirin group, n ¼ 11
for ampicillin and ampicillinþaspirin group), unpaired Student t test. (J) Metagenomic analysis of the presence of L sphaericus
in healthy subjects and adenoma patients. Aspirin_h: high-dose aspirin treatment; CM, cooked meat.

Taken together, these results indicate the direct contribution of the gut microbiota in mediating CRC chemoprevention of aspirin.

Discussion
It is becoming increasingly evident that the gut microbiota are actively involved in CRC development. Here, we
utilized conventional and germ-free mouse models to bridge

the knowledge gap between the gut microbiota and the efﬁcacy of CRC chemoprevention by aspirin. Intestinal
tumorigenesis in mice was induced by AOM/DSS and mutation of APC gene. CRC chemoprevention by aspirin was
demonstrated in both models with gut microbiota depletion,
but not with intact gut microbiota. Emerging evidence
shows that antibiotic treatment modulates host metabolism
and intestinal gene expression,27 indicating a potential role
of antibiotics in inﬂuencing tumorigenesis. To avoid
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Figure 7. Aspirin treatment enriches protective bacteria in the gut. (A) Principal component analysis of aspirin-mediated impact
on bacterial composition in APCmin/þ mice. (B) Linear discriminant analysis of aspirin-modulated gut bacteria at genus level in
APCmin/þ mice. (C) Linear discriminant analysis of aspirin-modulated bacteria at species level in APCmin/þ mice. (D) Schematic
overview of experimental design for AOM/DSS-treated gnotobiotic mice colonized by aerobic and anaerobic fecal bacteria
culture. Tumor number (left panel) and tumor load (right panel) in mice (n ¼ 10 for GNanc-control group, n ¼ 11 for GNancaspirin group, n ¼ 9 for GNac-control group, n ¼ 10 for GNac-aspirin group), unpaired Student t test. GNanc: gnotobiotic mice
colonized by fecal bacteria under anaerobic culture; GNac: gnotobiotic mice colonized by fecal bacteria under aerobic culture;
OD, optical density.

obscuring the chemopreventive effect of aspirin by antibiotics, we further employed a germ-free mouse model.
Consistently, aspirin inhibited colorectal tumorigenesis in
germ-free mice. However, the inhibitory effect was impaired
by conventionalization of the germ-free mice. These ﬁndings
collectively highlight the role of gut microbiota in modulating the chemopreventive efﬁcacy of aspirin on CRC.
The aspirin-mediated CRC chemoprevention in
antibiotics-treated conventional mice and germ-free mice
was further demonstrated to be associated with suppression of colonic COX-2 mRNA and protein expressions,
plasma PEG2 level, and nuclear b-catenin. This is consistent
with reports that inhibition of COX-2 and PGE2 contribute to
CRC chemopreventive efﬁcacy of aspirin.2 Notably, the
suppressive effects of COX-2 and PGE2 by aspirin are dosedependent.28,29 Given that aspirin is primarily absorbed in
the upper GI tract,25 we examined whether the suppressive
effect of colorectal tumorigenesis depends on the level of
aspirin in circulation. The plasma level of aspirin was
signiﬁcantly elevated post aspirin administration in mice
with depleted microbiota compared with microbiota-intact
mice. Moreover, increasing aspirin bioavailability by
administration of a higher dose of aspirin restored the
chemopreventive effectiveness of aspirin in both AOM/DSStreated and APCmin/þ conventional mice, conﬁrming the
importance of aspirin bioavailability on CRC chemoprevention. Our ﬁnding is supported by reports that a certain cumulative dose of aspirin is needed to attain the effectiveness
of aspirin on CRC chemoprevention in human.30 Taken
together, we demonstrate that the gut microbiota impair the
chemopreventive efﬁcacy of aspirin on CRC by reducing its
bioavailability.
To unravel the effect of bacteria on aspirin, we coincubated aspirin with fecal samples under aerobic and
anaerobic conditions. Fecal microbiota from antibioticsnaïve mice signiﬁcantly decreased the level of aspirin in
culture medium under aerobic, but not anaerobic, condition.
Consistently, the fecal microbiota from aerobic culture, but
not anaerobic culture, dampened the chemopreventive efﬁcacy of aspirin in vivo. High-throughput screening identiﬁed L sphaericus, an aerobic and spore-forming bacterium,31
as the predominant microbe in aspirin degradation. Our
in vivo studies demonstrate that gut colonization by this
bacterium reduces plasma aspirin level and compromises
the CRC chemopreventive effect of aspirin. Although L
sphaericus was isolated from fecal samples, our metagenomic analysis conﬁrmed its presence in the small intestine of mice, the major site of aspirin absorption,25
supporting the role of this bacterium in aspirin degradation before absorption. Increasing the abundance of L
sphaericus in the gut impaired the chemopreventive effectiveness in high-dose aspirin–treated mice, whereas targeted depletion of gut L sphaericus by ampicillin-only
treatment restored the preventive effect of aspirin on CRC.
These ﬁndings demonstrate the role of aspirin-degrading L
sphaericus in reducing aspirin bioavailability and dampening its chemopreventive efﬁcacy.
As a potential mediator of aspirin-induced CRC chemoprevention, we observed the enrichment of probiotic
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bacteria in aspirin-treated mice. Aspirin treatment resulted
in the accumulation of probiotic bacteria, including B pseudolongum, B breve, B animalis, L reuteri, L gasseri, and L
johnsonii in this study. In consistence with this ﬁnding,
in vitro incubation of fecal bacteria with aspirin directly
expanded probiotic bacteria. The protective effects of probiotics on CRC have been reported.32 It is becoming evident
that an unbalanced gut microbial structure may trigger or
promote colorectal tumorigenesis,10 and daily consumption
of probiotics has been shown to restore microbiota homeostasis and inhibit the colonization of the gut by carcinogenic pathogens.33,34 It is therefore plausible that the
enhanced enrichment of probiotic species by aspirin might
contribute to its CRC protective effect. Indeed, we observed
the direct role of gut microbiota in mediating the CRC
suppressive effect of aspirin in gnotobiotic mice gavaged
with anaerobic fecal culture of aspirin-modulated bacteria.
COX-2 and PGE2 are critical oncogenic factors in CRC
development. COX-2 expression and PGE2 levels are
remarkably up-regulated in human colorectal adenomas and
cancers.35 Genetic deletion of COX-2 in APCmin/þ mice led to
marked reductions of tumor number in the GI tract36 and
overexpression of COX-2 in mice receiving AOM/DSS treatment increased tumor load in the colon.37 Exogenous
administration of PGE2 elevated intestinal tumorigenesis in
both APCmin/þ and AOM/DSS-treated mice,38,39 while
transgenic deletion of PGE2 receptor reduced tumor number and tumor load in both models.40,41 In this study, we
demonstrate that aspirin simultaneously suppresses the
colonic COX-2 mRNA and protein expressions and plasma
PGE2 level in microbiome-independent manner in the conventional and germ-free CRC mouse models. Moreover, we
demonstrate that the nuclear accumulation of b-catenin, a
critical player in Wnt signaling activation in both APCmin/þ
and AOM/DSS-induced CRC,24 was reduced by aspirin in
conventional microbiota-depleted and germ-free mice.
Together they demonstrate the microbiome-independent
mechanism employed by aspirin in CRC chemoprevention.
The chemopreventive effect of aspirin on CRC is also
dependent on the gut microbiota. Aerotolerant gut microbes, such as L sphaericus as identiﬁed in this study, can
degrade aspirin. Moreover, aspirin-modulated gut microbiota, under anaerobic condition, were enriched in probiotic
bacteria and reduced tumor number and load in gnotobiotic
mice. These results indicate that, in the absence of aspirindegrading bacteria, aspirin enriches probiotics, which in
turn are protective against colon tumorigenesis, underscoring the microbiome-dependent CRC chemoprevention
mechanism of aspirin.
The chemopreventive efﬁcacy of aspirin against CRC
reportedly varies among individuals.6,7 AOM/DSS-treated and
APCmin/þ mice mimic colitis-associated and familial adenomatous polyposis–associated CRC, respectively, the 2 human
subtypes of CRC. AOM/DSS-treated and APCmin/þ mice
manifest not only alteration of COX-2, PGE2, and b-catenin as
discussed, but are also associated with P53 modulation42,43
and induction of DNA hypermethylation in colon tumorigenesis.44,45 However, there exist some differences in their
genetic mechanisms. AOM/DSS induces the activation of Kras,
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c-Myc, and INOS genes,46 and APC mutation alters the
expression of EB1 and Dlg genes47 in colon tumorigenesis. In
addition, our analysis revealed that AOM/DSS-treated and
APCmin/þ mice have different microbiota composition. We
also observed a dissimilar gut microbiota shift in APCmin/þ
mice compared with AOM/DSS-treated mice after aspirin
treatment, with different sets of probiotics enrichment in the
2 models. These results suggest that aspirin might exert its
chemopreventive effects through different mechanisms in
APCmin/þ and AOM/DSS-treated CRC mouse models.
Furthermore, analysis of our in-house human fecal metagenomics sequencing data22 found that 11.4% of healthy
individuals harbor L sphaericus, the aspirin-degrading
microbe, in the gut. These might collectively explain the reported variableness of CRC chemoprevention by aspirin in
human.6,7 Additional human studies are needed to evaluate
the impact of L sphaericus on the outcomes of aspirinmediated CRC chemoprevention. This will allow a better
understanding of the role of this bacterium and might inform
personalized medicine in human CRC chemoprevention by
aspirin.
In conclusion, this study demonstrates, for the ﬁrst time,
that gut microbes, such as L sphaericus, impair the CRC
chemopreventive efﬁcacy of aspirin by inﬂuencing its
bioavailability in mice. Aspirin treatment leads to the
enrichment of gut probiotics, which directly protect against
colon tumorigenesis.
BASIC AND
TRANSLATIONAL AT

Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at http://dxdoi.org/10.1053/j.
gastro.2020.05.004.
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Supplementary Materials and Methods
Determination of Tumor Load and Number
The intestines were longitudinally opened along the
mesenteric margin and ﬂushed with ice-cold phosphatebuffered saline. Solid neoplastic lesions were carefully
counted for tumor number and measured for tumor size
(mean diameter [major diameter þ minor diameter] / 2)
and tumor load (sum of mean diameters of all tumors). The
intestinal tissues were ﬁxed in 10% neutral buffered
formalin and embedded in parafﬁn. Sections (4 mm) were
stained with H&E for histologic examination by a pathologist (A.W.H.C.) who was blind to the experimental design.
The remaining tissues were snap-frozen in liquid nitrogen
and stored at –80 C until use.

Fecal DNA Extraction and Bacterial Load
Quantiﬁcation
Fecal DNA was extracted using Fecal DNA MiniPrep kit
(Zymo Research, Irvine, CA). The quality and quantity of
DNA were determined by NanoDrop2000 spectrophotometer (ThermoFisher Scientiﬁc). Bacterial load was calculated
by quantitative polymerase chain reaction analysis of the
relative 16S ribosomal RNA gene with normalization by
stool weight. Quantitative polymerase chain reaction was
performed using ROX Reference Dye II and TB Green Premix
Ex Tac (both from Takara, Shiga, Japan) in the QuantStudio 7
Flex system (ThermoFisher Scientiﬁc). The primers
for ampliﬁcation of the universal 16S ribosomal RNA
gene were 50 -ACTCCTACGGGAGGCAGCAGT-30 and 50 ATTACCGCGGCTGCTGGC-30 .

Quantitative Reverse-Transcription Polymerase
Chain Reaction and Western Blot
Total RNA in distal colonic tissues was extracted using
TRIzol reagent (ThermoFisher Scientiﬁc). The quality and
quantity of RNA were determined by NanoDrop2000 spectrophotometer. Complementary DNA was synthesized from
1000 ng of the extracted RNA by reverse transcription
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(PrimeScript RT Reagent Kit with gDNA Eraser; Takara,
Japan) and analyzed by quantitative polymerase chain reaction with normalization by glyceraldehyde-3-phosphate
dehydrogenase. For Western blot, b-actin (Cell Signaling
Technology, Danvers, MA), COX-2 (ThermoFisher Scientiﬁc),
b-catenin (Abcam, Shanghai, China), and Lamin B1 (Abcam)
antibodies were used. ImageJ software (National Institutes
of Health, Bethesda, MD) was used to calculate relative
protein expression as a ratio of the density of each protein
band relative to the lane’s loading control.

Measurement of Prostaglandin E2 by EnzymeLinked Immunosorbent Assay
The plasma levels of PGE2 were measured using Multispecies Competitive ELISA Kit (ThermoFisher Scientiﬁc).
Brieﬂy, 500 mL ice-cold methanol was added to 150 mL of
plasma sample with 28 mM indomethacin and mixed
vigorously. After acidiﬁcation by 2M HCl to pH 3.5, the
aqueous layer was extracted with 500 mL chloroform and
centrifuged at 2000g for 20 minutes.1 The upper-layer
organic phase was discarded, and the remaining aqueous
phase was evaporated to dryness under nitrogen before
measurement by the kit.

Fecal Bacteria Culture
Mouse feces were mixed with cooked meat medium
(ThermoFisher Scientiﬁc). The fecal commensal bacteria
were cultured aerobically in the incubator (IB-01E, Jeio
Tech, Kyunggi-Do, Korea) and anaerobically in anaerobic
chamber (Bactron300-2; Sheldon Manufacturing, Cornelius,
OR) at 37 C for 48 hours. For anaerobic culture, the medium
in containers with loosened caps was deoxygenated by heat
and immediately transferred into the anaerobic chamber at
least 3 days before use.

Supplementary Reference
1.

Reddy BS, Rao CV, Rivenson A, et al. Inhibitory effect of
aspirin on azoxymethane-induced colon carcinogenesis
in F344 rats. Carcinogenesis 1993;14:1493–1497.

September 2020

Chemopreventive Effects of Aspirin 983.e2

Supplementary Figure 1. Antibiotics cocktail was effective in
depleting the gut microbiota. Each color represents fecal
samples from antibiotics-treated mice before and after antibiotic treatment.

Supplementary Figure 2. Plasma level of salicylic acid in mice with and without antibiotic treatment. (A) Product ion spectra of
salicylic acid in UHPLC-Q-TOF/MS analysis. (B) Counts of salicylic acid in plasma samples at 0.5 hour (left panel) and 1 hour
(right panel). (C) Quantitative analysis of salicylic acid level in plasma samples, unpaired Student t test.

Supplementary Figure 3. Abundance of isolated bacteria in the gut of APCmin/þ mice. Abundance of Lysinibacillus sphaericus
(A) and Staphylococcus xylosus (B) in fecal samples of mice with and without antibiotic treatment. (C) Abundance of L
sphaericus in the small intestine of mice with and without antibiotic treatment.
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Supplementary Figure 4. Salicylic acid level in plasma (A) and luminal contents (B), unpaired Student’s t test.

Supplementary Figure 5. Effect of individual antibiotics on
cell growth of Lysinibacillus sphaericus.

Supplementary Figure 6. Principal component analysis of fecal microbiota in AOM/DSS-treated and APCmin/þ mice with and
without aspirin treatment.
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Supplementary Figure 7. Linear discriminant analysis of
aspirin-induced bacteria changes in AOM/DSS-treated CRC
mouse model.

Supplementary Figure 8. (A) Linear discriminant analysis of high-dose aspirin-induced bacterial changes in APCmin/þ CRC
mouse model. (B) Schematic overview of experimental design for AOM/DSS-treated gnotobiotic mice colonized by fecal
bacteria from control and high-dose aspirin treated APCmin/þ mice (upper panel). Tumor number (lower left panel) and tumor
load (lower right panel) in mice (n ¼ 12 for GN-Control group, n ¼ 13 for GN-aspirin group), unpaired Student t test. (C) Effect of
aspirin on the growth of fecal bacteria in vitro, 3 repetitive samples for each group. GN, gnotobiotic mice.

