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ABSTRACT
Triclocarban (TCC) is a widely used antimicrobial ingredient in consumer products and is
a ubiquitous contaminant in the environment. In 2016, the FDA removed TCC from over-the-
counter handwashing products, but this compound is still approved for use in many other
personal care products. A better understanding of its impact on human health could lead to
significant impact for public health and regulatory policies. Here we show that exposure to low-
dose TCC exaggerated the severity of colitis and exacerbated the development of colitis-
associated colon tumorigenesis, via gut microbiota-dependent mechanisms. Exposure to TCC
increased dextran sodium sulfate (DSS)- and interleukin 10 (IL-10) knockout-induced colitis, and
exaggerated azoxymethane (AOM)/DSS-induced colon tumorigenesis in mice. Regarding the
mechanisms, TCC exposure reduced the diversity and altered the composition of gut microbiota
and failed to promote DSS-induced colitis in mice lacking the microbiota, supporting that the
presence of the microbiota is critical for the pro-colitis effects of TCC. Together, these results
support TCC could be a novel risk factor for colitis and colitis-associated colon cancer, and further
regulatory policies on this compound could be needed.
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Introduction

Inflammatory bowel disease (IBD), including
Ulcerative colitis that is characterized by chronic
inflammation in the colon and rectum and
Crohn’s disease that involves inflammation in the
small intestine, severely impacts patient quality of
life; symptoms include abdominal pain, vomiting,
diarrhea, and rectal bleeding. In addition, the IBD
patients have increased risks of developing colon
cancer.1,2 The incidences of IBD have risen dra-
matically in recent decades:3 in 2015, ~1.3% of the
US adults (3 million) were estimated to be diag-
nosed with IBD,4 representing a 50% increase
from 1999 (2 million).5 The rapid development
supports that environmental factors, rather than
genetic drift, are primarily responsible for the
increased incidences of IBD.6-9 It is of practical
importance to identify the environmental risk fac-
tors of IBD, which could lead to significant impact

for public health and regulatory policy. However,
the roles of environmental factors in IBD are
under-studied, and represent a significant knowl-
edge gap within the pathogenesis of IBD.

Triclocarban (3,4,4ʹ-trichlorocarbanilide, TCC)
has been used as an antimicrobial ingredient for
more than 60 years, and is incorporated into many
consumer products such as bar soaps, deodorants,
and detergents.10 Each year, U.S. consumers are
exposed to approximate 500,000 pounds of TCC
from personal care products.10 The 2013–2014
National Health and Nutrition Examination Survey
showed that 36.9% of the urine samples in the
U.S. contained TCC.11 The majority of used TCC
is ultimately released into the environment leading
to widespread pollution. As a result, TCC was listed
as a top-10 contaminant in U.S. rivers.10 More alar-
mingly, recent studies showed that environmental
TCC could be efficiently taken up by food crops,
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leading to the bioaccumulation of TCC and poten-
tial human exposure through food consumption.
Notably, Mathews et al. showed that some common
food crops, such as broccoli, potato, beat, cabbage,
and pepper, can accumulate >100 ppm TCC in the
root tissues, and onions can accumulate >800 ppm
TCC in the bulbs.12 The results from this study are
supported by many other investigations.13-20

Together, the ubiquitous presence of TCC has raised
concern about its impact on the environment and
human health.

The regulatory policy of TCC is an intensively
debated topic now. In 2016, the FDA removed TCC
from over-the-counter handwashing products.21 This
decision was mainly based on recent studies which
showed that compared with plain soaps, the antimi-
crobial soaps containing TCC did not provide addi-
tional health benefits;22 therefore, high-volume low-
value use of TCC in handwashing products was not
further allowed by the FDA.21 This ruling only affects
over-the-counter handwashing products, but TCC
remains approved by the FDA and the EPA for use
in many other consumer products. A better under-
standing of the impact of TCCon human health could
be important to prepare possible further regulatory
policies of this compound.

Previous studies for TCC toxicology have
focused on endocrine function,23-29 however the
effects of TCC on other human disorders are lar-
gely unknown. Our recent studies showed that
exposure to other consumer antimicrobials, such
as triclosan (TCS), benzalkonium chloride (BAC),
and benzethonium chloride (BET), exaggerates the
severity of colitis and exacerbates the development
of colitis-associated colon tumorigenesis in mouse
models, through gut microbiota-dependent
mechanisms.30,31 To date, the effects of TCC on
colitis are unknown. Here we studied the actions
and mechanisms of TCC on colitis and colitis-
associated colon tumorigenesis in animal models.

Methods and materials

Animal experiments

All animal experiments were conducted in accor-
dance with the protocol approved by the
Institutional Animal Care and Use Committee
(IACUC) of the University of Massachusetts

Amherst. Six-week-old male C57BL/6 mice were
housed in a 24°C standard specific-pathogen-free
(SPF) animal room with 12-h light/dark cycle and
given food and water ad libitum. To facilitate the
microbiota study, after mouse arrival, the mice
were rotated between different cages during the
adaptation period, then the mice were randomized
to different treatment groups (2–3 mice per cage).
These procedures are expected to mitigate poten-
tial cage effects on gut microbiota.32,33

Dextran sodium sulfate (DSS)-induced colitis

C57BL/6 male mice (six-week-old, Charles River,
Wilmington, MA) were randomly divided into
control and treatment groups (n = 8 for each
group). The mice in the control group were treated
with a modified AIN-93G diet (Table S1) contain-
ing 0.5% v/w polyethylene glycol 400 (PEG 400,
EMD Millipore, Billerica, MA), and the mice in
the treatment group were treated with the diet
containing TCC (99%, Sigma-Aldrich, St. Louis,
MO) dissolved in PEG 400 during the whole
experiment. After 3 weeks, the mice were treated
with 2% DSS (36–50 kDa, MP Biomedicals, Solon,
OH) in drinking water to induce acute colitis.
After 9 days, the mice were sacrificed, and the
blood and colon tissues were collected for analysis.

Interleukin-10 (Il-10)−/− colitis model

Il-10−/− male mice (five-week-old, stock No. 002251,
JAX, Bar Harbor, ME) were randomly divided into
control and treatment groups (n = 8 for each group).
The mice were fed with the modified AIN-93G diet
containing PEG 400 (0.5% v/w) or 80 ppm TCC
dissolved in PEG 400 during the whole experiment.
Standard-sterilized water was supplied in bottles ad
libitum. After 12 weeks, the mice were treated with
200 ppm piroxicam (Sigma-Aldrich, St. Louis, MO)
via diet to accelerate development of colitis.34 After 1
week, the mice were sacrificed, and the blood and
colon tissues were collected for analysis.

Azoxymethane (AOM)/DSS-induced colorectal
tumorigenesis in mice

C57BL/6 male mice (six-week-old) were acclimated
for 1 week and randomized into control and
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treatment groups (n = 16 for each group). The mice
were fed with the modified AIN-93G diet containing
PEG 400 (0.5% v/w) or 80 ppmTCCdissolved in PEG
400 during the whole experiment. After 3 weeks, the
mice were treated with 10 mg/kg AOM (Sigma-
Aldrich, St. Louis, MO) via intraperitoneal injection.
After 1 week, they were given 2% DSS in drinking
water for 1 week. At day 50 post the AOM injection,
the mice were sacrificed, and the blood and colon
tissues of the mice were collected for analysis. The
colon tissues were cut open longitudinally, the tumor
numbers were counted. The diameter of each tumor
wasmeasured and the tumor size was calculated using
the formula tumor size = π/4 x diameter,2 as we
described.30

Antibiotic cocktail-mediated suppression of gut
microbiota

C57BL/6 male mice (five-week-old) were treated
with drinking water with or without a broad-
spectrum antibiotic cocktail (1.0 g/L ampicillin
and 0.5 g/L neomycin) during the whole
experiment.35,36 After 4 days, the mice were trea-
ted with the modified AIN-93G diet containing 80
ppm TCC or vehicle (PEG 400) until the end of
the experiment. After 3 weeks of diet treatment,
the mice were stimulated with 2% DSS for 8 days
in drinking water to induce colitis. At the end of
the experiment, the mice were sacrificed, and the
blood and colon tissues were collected for analysis.

Flow cytometry analysis

The distal colon tissues from the mice were dis-
sected, washed with cold PBS, and digested with
Hank’s-balanced salt solution (HBSS, Lonza, Basel,
Switzerland) supplemented with 1 mM dithio-
threitol (DTT) and 5 mM ethylenediaminetetraa-
cetic acid (EDTA) for 2 h at 4°C. The single-cell
suspensions were filtered through 70 μm cell filters
(BD Biosciences, San Jose, CA). The cells were
stained with FITC-conjugated anti-mouse CD45
antibody, PerCP/Cy5.5-conjugated anti-mouse
F4/80 antibody, and isotype control antibody
according to the manufacturer’s instructions
(BioLegend, San Diego, CA). The stained cells
were analyzed using BD LSRFortessa™ cell analyzer
(BD Biosciences, San Jose, CA) and data were

analyzed using FlowJo software (FlowJo LLC,
Ashland, OR). In our analysis, leukocytes were
identified as CD45+ cells and macrophages were
identified as CD45+ F4/80+ cells.

ELISA analysis of cytokines in plasma

The blood samples were harvested via cardiac
puncture, and the plasma fractions were prepared
by centrifugation of the blood at 1,500 g for 10
min at 4°C. The concentration of IL-6 in plasma
was determined using a CBA Mouse Inflammation
Kit (BD Biosciences) according to the manufac-
turer’s instruction.

Quantitative reverse transcription PCR (RT-qPCR)
analysis

The colon tissues were frozen by liquid nitrogen and
ground. Total RNA was isolated from the colon tis-
sues using TRIzol reagent (Ambion, Austin, TX)
according to the manufacturer’s instructions. The
RNA was reverse transcribed into cDNA using
a High Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Foster City, CA) according to
the manufacturer’s instruction. RT-qPCR was carried
out with a DNA Engine Opticon system (Bio-Rad
Laboratories, Hercules, CA) with Maxima SYBR-
green Master Mix (Thermo Fisher Scientific). The
sequences of mouse-specific primers (Thermo Fisher
Scientific) were listed in Table S2. Glyceraldehyde-
3-phosphate dehydrogenase (Gapdh) was used as an
internal control.

Hematoxylin and eosin (H&E) staining

The dissected colon tissues were fixed in 4% for-
malin (Thermo Fisher Scientific) for 24 h,
embedded into paraffin (Thermo Fisher
Scientific), and sliced into 5-μm sections. The
slides were stained with hematoxylin and eosin
(Sigma-Aldrich), and examined with a light micro-
scope. The histological scores were evaluated by
observers who were blinded as to which treatment
group the mice belonged to. The histological
damage score is the sum of evaluation based on
crypt architecture, degree of inflammatory cell
infiltration, muscle thickening, and goblet cell
depletion of the tissue.37
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Immunohistochemistry (IHC)

The sections were prepared and heated in
0.01 M citrate buffer (pH 6.0) for 20 min in a PT
Module antigen retrieval device (Thermo Fisher
Scientific). The antibodies against mouse PCNA
and β-catenin (Cell Signaling Technology) were
incubated overnight at 4°C. Horseradish peroxidase
(HRP)-conjugated secondary antibodies were then
applied to the sections, followed by chromogen
4-diaminobenzidine (Dako, Carpinteria, CA) stain-
ing. Sections were then counterstained with hema-
toxylin for 2 min. Positive expression was observed
under light microscope.

16S rRNA sequencing of fecal microbiota

C57BL/6 male mice (six-week-old) were maintained
on a modified AIN-93G diet containing PEG 400
(0.5% v/w) or 80 ppm TCC dissolved in PEG 400
for 3 weeks. The feces were collected for microbiota
analysis. The total fecal DNA was extracted using
QIAamp DNA Stool Mini Kit (Qiagen) following
the manufacturer’s instruction with the addition of
the bead-beating step. The quality of the extracted
DNA was measured using a NanoDrop
Spectrophotometer (Thermo Scientific) and verified
using gel electrophoresis. PCRs were performed in
a 96-well format on a Veriti thermal cycler (Life
Technology) with 2 × KAPA HiFi Hotstart
ReadyMix (KAPA Biosystem) using primers specific
for the V3-V4 region of the 16s rRNA gene (see Table
S2). After purification with AMPure XP beads
(Beckman Coulter), a limited cycle PCR was per-
formed using the Nextera XT Index Kit (Illumina)
to attach dual indices and Illumina sequencing adap-
ters, followed by an additional purification with
AMPure XP bead. The quantity of the purified PCR
products was measured using a Qubit dsDNA BR
Assay kit (Life technology) and the amplicon quality
was estimated by ScreenTape Assay on Tape Station
2200 (Agilent). After quantification and qualification,
samples were pooled in equimolar amount and pair-
end 2*300 bp sequencing was performed on an
Illumina MiSeq platform using a Miseq reagent kit
V3 (8% PhiX) (Illumina). The sequencing data were
processed by QIIME software pipeline v1.9.1. In gen-
eral, the high-quality sequence data (quality value ≥
30) was demultiplexed. Sequences were then clustered

into operational taxonomic units (OTUs) using Open
reference OTU picking against Greengenes bacterial
16S rRNA database (13_8 release) with a 97% simi-
larity threshold. The α-diversity (the diversity within
sample community species richness) was determined
with 10 iterations at a maximal sequence depth where
all samples could be included. The β-diversity (dis-
similarity among different treatment groups) was cal-
culated using weighted and unweighted UniFrac
distances.

Culture of bifidobacterium infantis 272

B. infantis 272 (ATCC, Manassas, VA) was sub-
cultured at 37°C in MRS broth (Thermo Fisher
Scientific) containing 0.5 g/L L-cysteine in an
anaerobic cabinet (Whitley A35 anaerobic work-
station, Don Whitley Scientific, Shipley, England)
under an atmosphere of 85% N2, 10% CO2, and
5% H2. The B. infantis 272 were inoculated 1:100
into MRS broth containing TCC or DMSO vehicle
and then incubated at 37°C in anaerobic condi-
tions for 48 h. Bacterial growth was monitored by
measuring the turbidity at 600 nm.

Data analysis

Data are expressed as the mean ± standard error of
themean (SEM). Statistical comparison of two groups
was performed using Student’s t-test or Wilcoxon-
Mann-Whitney test, and comparison of three or
more groups was analyzed by one-way ANOVA fol-
lowed by Tukey’s post hoc test. Analysis of inflamma-
tion in antibiotics-treated mouse experiments was
performed by two-way ANOVA, followed by
Tukey–Kramer’s method, and H&E histology data
were analyzed by two-way ANOVA Poisson
Generalized Linear Model, followed by the Tukey–
Kramer’s multiple comparison method. P < .05 were
considered statistically significant.

Results

TCC increased DSS-induced colitis in mice

To determine the effect of TCC on colonic inflam-
mation, we studied its effect on colitis using a well-
established DSS-induced colitis model in C57BL/6
mice.38 Treatment with TCC via diet (80 ppm in

e1690364-4 H. YANG et al.



diet, administering TCC at a dose of ~8 mg/kg/day,
based on a diet of 3 g daily chow) exaggerated DSS-
induced colitis in mice (Figure 1). Compared with
vehicle control, treatment with TCC exacerbated
body weight loss (Figure 1a, P< .05), exacerbated
colon length reduction (Figure 1b, P < .01),
increased plasma concentrations of the pro-
inflammatory cytokine IL-6 (Figure 1c, P < .01), up-
regulated the gene expression of Il-6 in the colon
(Figure 1d, P < .05), increased infiltration of leuko-
cytes (CD45+) into the colon (Figure 1e), and exag-
gerated crypt damage in the colon (Figure 1f, P < .01).
We also tested the effect of a low-dose TCC (10 ppm
in diet) and found that TCC also exaggerated DSS-
induced colitis (Figure S1). Compared with treatment
with 10 ppm TCC via diet, treatment with 80 ppm
TCC did not further increase DSS-induced colitis in
a statistically significant manner. Together, these
results demonstrate the pro-colitis effect of TCC
in vivo.

TCC increased colitis in Il-10−/− mice

To further validate the pro-colitis effect of TCC,
we tested its action on spontaneous colitis using
a genetically engineered Il-10−/− mouse model.34

Treatment with TCC via diet (80 ppm in diet)
exaggerated colitis in Il-10−/− mice (Figure 2).

Compared with the vehicle control, treatment
with TCC reduced the colon length (Figure 2a,
P < .05), increased the gene expression of Il-6 in
the colon (Figure 2b, P < .05), enhanced infiltra-
tion of leukocytes (CD45+) into the colon
(Figure 2c, P < .01), and exaggerated crypt
damage in the colon (Figure 2d, P < .05).
These results further validate that exposure to
TCC exaggerated colitis in vivo.

TCC increased AOM/DSS-induced colon
tumorigenesis in mice

We tested the effect of TCC on colitis-associated
colon tumorigenesis using a well-established
AOM/DSS-induced colon cancer model in
C57BL/6 mice.39 Treatment with TCC via diet
(80 ppm in diet) increased AOM/DSS-induced
colon tumorigenesis in mice (Figure 3).
Compared with the vehicle control, treatment
with TCC reduced overall survival of the mice
(Figure 3a). Regarding colon tumorigenesis, TCC
increased the tumor number, tumor size, and total
tumor burden in mice (Figure 3b, P < .01), illus-
trating its pro-tumorigenic effect. Consistent with
enhanced colon tumorigenesis, immunohisto-
chemical staining showed that TCC increased
protein levels of proliferating cell nuclear antigen

Figure 1. TCC increased DSS-induced colonic inflammation in C57BL/6 mice. (a) Bodyweight. Left: time-course of body weight; Right:
quantification of mouse body weight on the final day. (b) Colon length. (c) Concentration of IL-6 in plasma. (d) Gene expression of Il-
6 in colon. (e) Quantification of immune cell infiltration into the colon by flow cytometry analysis. (f) H&E staining of the colon. The
data are mean ± SEM, * P < .05, ** P < .01, n = 8 mice per group.
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(PCNA, a marker of tumor proliferation, P < .01)
and β-catenin (a marker of the pro-tumorigenicWnt
pathway, P < .001) in colon tumors (Figure 3c). In
addition, RT-qPCR showed that TCC treatment
increased expressions of c-Myc and Axin2 (markers
ofWnt pathway) in colon tumors (Figure 3d, P < .05),
further supporting that TCC enhanced activation of
the pro-tumorigenic Wnt pathway in vivo.
Inflammation plays a central role in colon
tumorigenesis.1 Compared with the vehicle control,
TCC increased gene expressions of Il-6 and Tnf-α in
colon tumors (Figure 3d, P < .05), and enhanced
infiltration of CD45+ and CD45+ F4/80+ immune
cells into colon tumors (Figure 3e, P < .01), illustrating
its enhancing effect on tumor inflammation.
Together, these results demonstrate that exposure to
TCC exaggerated colitis-associated colon tumorigen-
esis in vivo.

TCC reduced the diversity and changed the
composition of gut microbiota in mice

Gut microbiota plays a central role in regulating
colonic inflammation and colon tumorigenesis.40

We studied the effect of TCC on gut microbiota
in C57BL/6 mice. Treatment with TCC via diet
(80 ppm in diet) for 3 weeks decreased the α-
diversity of the gut microbiota, as assessed by
PD-whole tree analysis (Figure 4a, P < .001),

and modulated the β-diversity of the microbiota,
as assessed by principal coordinate analysis
(Figure 4b, P < .01). Regarding the composition
of the gut microbiota, exposure to TCC altered
the relative bacterial abundance at both phylum
and genus levels (Figure 4c–d, Table S3–4).
Notably, TCC increased the abundance of
Proteobacteria (Figure 4c, Table S3, P < .001),
which has been shown to be increased in IBD
patients and is associated with the pathogenesis of
IBD.41 TCC also reduced the abundance of
Bifidobacterium (Figure 4d, Table S4, P < .05),
which has been shown to have anti-inflammatory
effects.42 Together, these results showed that
exposure to TCC could cause adverse effects on
gut microbiota.

TCC inhibited growth of bifidobacterium infantis
in vitro

Given our findings that TCC reduced the relative
abundance of Bifidobacterium in gut microbiota
in vivo, we studied whether it could directly inhibit
the growth of Bifidobacterium in vitro. Compared
with the vehicle control (DMSO), TCC at
a concentration of 100 nM inhibited ~30% of the
growth of B. infantis 272 (Figure S2, P < .05). This
result supports that TCC could have direct effects
on gut bacteria.

Figure 2. TCC increased the colonic inflammation in Il-10−/- mice. (a) Colon length. (b) Gene expression of Il-6 in colon. (c)
Quantification of immune cell infiltration into the colon by flow cytometry analysis. (d) H&E staining of the colon. The data are
mean ± SEM, * P < .05, ** P < .01, n = 8 mice per group.
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TCC increased DSS-induced colitis via gut
microbiota-dependent mechanisms

To validate the roles of gut microbiota in the
biological actions of TCC, we tested whether anti-
biotic cocktail-mediated suppression of gut micro-
biota modulates the pro-colitis effect of TCC (see
scheme of animal experiment in Figure 5a). We
used an antibiotic cocktail from previous
studies.35,36 We found that treatment with this
cocktail caused a > 99% reduction of fecal bacteria,
as assessed by RT-qPCR analysis of the 16S rRNA

gene (Figure S3), validating that this antibiotic
cocktail suppressed gut microbiota. Before the
DSS stimulation, treatment with TCC and/or the
antibiotic cocktail had little impact on mouse body
weight (Figure S4).

Regarding DSS-induced colitis, two-way
ANOVA analysis showed that there was
a significant interaction (P < .05) between TCC
treatment (TCC versus vehicle) and antibiotic
treatment (antibiotic cocktail versus no antibiotic
cocktail) on colonic inflammation (Figure 5b–d).
Notably, without antibiotic treatment, TCC

Figure 3. TCC increased AOM/DSS-induced colon cancer in C57BL/6 mice. (a) Survival curve. (b) Quantification of colon tumors in
mice. (c) IHC staining of PCNA and β-catenin in colon tumors from the mice treated with vehicle or TCC. (d) Gene expressions in
colon tumors. (e) Quantification of immune cell infiltration into colon tumors by flow cytometry analysis. The data are mean ± SEM, *
P < .05, ** P < .01, *** P < .001, n = 16 mice per group.
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exposure enhanced crypt damage in the colon
while, with antibiotic treatment, the pro-colitis
effect of TCC was abolished (Figure 5d). These
results support that gut microbiota play a critical
role in the pro-colitis effect of TCC in vivo.

Discussion

To date, the effects of TCC on human health are
not well understood. Previous studies showed that
TCC could be a potential endocrine-disrupting
compound;23-29 besides endocrine function, the

effects of TCC on other human disorders are lar-
gely unknown. Here our central finding is that
exposure to TCC exaggerated colonic inflamma-
tion and colitis-associated colon tumorigenesis in
mice. We found that exposure to relatively low-
dose TCC via diet (10–80 ppm in diet, adminis-
tering TCC at a dose of ~1–8 mg/kg/day, based on
a diet of 3 g daily chow) increased disease devel-
opments in multiple animal models, including
DSS-induced acute colitis in C57BL/6 WT mice,
chronic colitis in genetically engineered Il-10−/−

mice, and AOM/DSS-induced colon tumorigenesis

Figure 4. TCC reduced the diversity and altered the composition of gut microbiota in C57BL/6 mice. (a) α-diversity of the gut
microbiota. (b) β-diversity of the gut microbiota, calculated by Principle Coordinate Analysis (PCoA) based on weighted UniFrac
distance. (c) Relative abundance of gut bacteria at phylum levels. (d) Relative abundance of gut bacteria at genus levels. The data are
mean ± SEM, *** P < .01, n = 16 mice per group.
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in C57BL/6 WT mice, illustrating its pro-colitis
and pro-neoplastic actions. This finding is largely
in agreement with our previous studies which
showed that other commonly used antimicrobials,
such as TCS, BAC, and BET, also exaggerated
colitis and colon tumorigenesis in mouse
models.30,31 At a level of 80 ppm in diet, treatment
with TCC, TCS, BAC, and BET increased the
severity of DSS-induced colitis,30,31 suggesting the
potent pro-colitis effects of these compounds,
though detailed dose–response studies are needed
to better characterize their potencies.

A previous study showed that the no-observed-
adverse-effect-level (NOAEL) of TCC was 75 mg/
kg/day,43 which leads to a calculated acceptable
daily intake (ADI) of TCC to be 0.75 mg/kg/day.
This ADI value is comparable to the dose used in
our study, as we showed that TCC at a dose of

~1 mg/kg/day exacerbated DSS-induced colitis in
mice, supporting the notion that the observed
adverse effects of TCC in animal experiments
could mimic responses in human exposure to
TCC. In addition, previous studies showed that
many common food crops could accumulate
100–800 ppm TCC,12 therefore, the administration
method (oral administration) and dose regime
(10–80 ppm in diet) used in our studies could
reflect potential human exposure to TCC. We
have to point out that there are many challenges
to using animal models to study human exposure
to TCC: there could be significant differences
when exposed to TCC via oral intake (e.g. con-
sumption of TCC-contaminated water or food) or
dermal application (e.g. usage of TCC-containing
washing products), and there could be significant
inter-individual variations in exposure level,

Figure 5. TCC increased DSS-induced colitis via gut microbiota-dependent mechanisms. (a) Scheme of animal experiment. (b) Colon
length. (c) FACS quantification of immune cell infiltration into colon. (d) H&E staining of colon. The data are mean ± SEM. The
statistical significance (P-value) of the interaction effect between TCC treatment (TCC versus vehicle control in the diet) and antibiotic
treatment (antibiotic cocktail versus no antibiotic cocktail in the drinking water) on colitis was determined by two-way ANOVA
analysis. * P < .05, ** P < .01, *** P < .001, n = 8–10 mice per group.
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absorption, and metabolism of TCC. In addition,
we only used male mice in the animal experi-
ments. Previous studies have shown that male
and female mice have different responses in
experimental colitis models;44 furthermore, TCC
has potent effects on endocrine function.23-29 It is
feasible that TCC exposure could cause different
effects on colitis in male versus female mice.
Together, our results suggest that TCC could be
a novel environmental risk factor for colitis and
colitis-associated colon cancer. Due to the ubiqui-
tous presence of TCC in our environment and
possibly in our food system, it is of critical impor-
tance to better understand the actions of TCC on
colonic inflammation and colitis-associated colon
cancer, in order to prepare for further regulation
policies of this compound.

Our studies support that gut microbiota contri-
butes to the pro-colitis effects of TCC. First, we
found that exposure to TCC reduced the diversity
of the gut microbiota in mice. This finding is in
agreement with a previous study which showed
that exposure to TCC caused dysbiosis in rats.45

Previous studies have constantly shown that com-
pared with healthy individuals, IBD patients have
reduced diversity of gut microbiota, suggesting that
a reduction of microbial diversity could be corre-
lated with adverse outcomes of gut health.46 Second,
we found that exposure to TCC increased abun-
dance of potentially harmful bacteria, and reduced
abundance of beneficial bacteria in mouse gut
microbiota. Notably, TCC increased the abundance
of Proteobacteria phylum, which has been shown to
be expanded in the gut microbiota of IBD patients,
and associated with the pathogenesis of IBD.41 In
addition, TCC treatment caused a ~ 75% reduction
of the abundance of Bifidobacterium, which has
been shown to have anti-inflammatory effects.42

We further found that treatment with TCC at
a concentration of 100 nM inhibited the growth of
B. infantis in vitro, suggesting that TCC could have
a direct effect on Bifidobacterium. Though there is
no study of colonic concentrations of TCC in
humans, previous studies showed that after
a routine usage of TCC-containing personal care
products, the blood concentrations of TCC in
humans can reach up to ~500 nM,47 supporting
that the dose used in our in vitro experiment (100
nM) is biologically relevant. The TCC-induced

changes of Bifidobacterium and Proteobacteria are
consistent with the pro-colitis effect of TCC, but
more studies are needed to validate the contribu-
tions of these gut bacteria in the biological actions of
TCC. Finally, we showed that TCC failed to pro-
mote DSS-induced colitis in antibiotic cocktail-
treated mice, supporting that gut microbiota is
required for the pro-colitis effect of TCC. We have
to mention that there are limitations to using the
antibiotic cocktail strategy to study the roles of gut
microbiota involved.48 More studies, notably fecal
transplant in germ-free mice, are needed to deter-
mine whether TCC exposure-induced alterations in
the composition of the microbiota contributes to the
colitis- and colon tumorigenesis-enhancing effects
of TCC.

In summary, here our studies showed that expo-
sure to TCC, a widely used antimicrobial ingredient
and a ubiquitous contaminant in the environment,
exaggerated colonic inflammation and colitis-
associated colon tumorigenesis in mice, through the
modulation of gut microbiota. These results showed
that TCC could be a novel risk factor for IBD and
colon cancer. Further studies are needed to better
characterize the impact of TCC exposure on gastro-
intestinal diseases in humans in order to prepare for
possible further regulation of this compound.
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