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Deoxycholic acid disrupts the intestinal mucosal
barrier and promotes intestinal tumorigenesis
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Bangmao Wang?® and Hailong Cao (&

High-fat diet, which leads to an increased level of deoxycholic acid (DCA) in the intestine, is a major
environmental factor in the development of colorectal cancer (CRC). However, evidence relating to bile
acids and intestinal tumorigenesis remains unclear. In this study, we investigated the effects of DCA on
the intestinal mucosal barrier and its impact on the development of CRC. Here we showed that DCA dis-
rupted cell monolayer integrity and increased proinflammatory cytokine production in intestinal cancer
and precancerous cell lines (Caco-2 and IMCE). Apc™™* mice receiving DCA increased the number and
size of intestinal adenomas and promoted the adenoma—adenocarcinoma sequence. Importantly, DCA
induced the activation of the NLRP3 inflammasome, increased the production of inflammatory cytokines,
and led to intestinal low grade inflammation. A reduction of tight junction protein zonula occludens 1
(ZO-1) and the number of intestinal cells including goblet cells and Paneth cells was also observed after
DCA treatment. Moreover, DCA significantly reduced the level of secretory immunoglobulin A (slgA), and

min/+

promoted the polarization of M2 macrophages in the intestine of Apc mice. In conclusion, these data

suggested that DCA induced intestinal low grade inflammation and disrupted the mucosal physical and

rsc.li/food-function

1.

Colorectal cancer (CRC) is the third most common cancer and
the fourth leading cause of cancer death in the world."> Most
CRC cases develop in the presence of gene mutation and
environmental factors.>® The risk factors of CRC include
increasing age, male sex, smoking, excessive alcohol, diabetes
mellitus and high-fat diet.>® Epidemiological studies have con-
firmed that a high-fat diet increases the output and faecal con-
centration of bile acids, especially the level of deoxycholic acid
(DCA).”® Increased DCA in the intestine causes DNA damage
through oxidative stress in intestinal epithelial cells and acti-
vates the epidermal growth factor receptor (EGFR) or Wnt
pathways to promote CRC.” ! These results indicate that DCA
is an important oncogene and pro-tumor factor, but the
mechanism is still unclarified.

As an important defense system of the host, the intestinal
mucosal barrier includes physical and functional barriers.'?
The intestinal epithelial connection is composed of tight junc-
tions (TJ), adherens junctions and desmosomes."*'* Zonula
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functional barriers, aggravating intestinal tumorigenesis.

occludens proteins play a key role in tight junction assembly
by linking the cell cytoskeleton to TJ.'® Intestinal epithelial
cells are involved in intestinal barrier function mainly by con-
ventional enterocytes, goblet cells, Paneth cells and endocrine
cells. Goblet cells secrete mucin and Paneth cells secrete anti-
microbial products to prevent bacteria from adhering to the
gut epithelium.'®"” The integrity of the intestinal mucosal
barrier prevents antigens from entering into the body and
maintains the homeostasis of the gut microenvironment.'®"?
Various factors such as high-fat diet, stress and infection can
impair the intestinal barrier including intestinal epithelial
damage, mucus layer changes and dysbiosis, resulting in a
variety of intestinal diseases.>*>" Lately it has been reported
that barrier defects drive the occurrence and progression of
colorectal tumors.**** Thus we proposed the hypothesis that a
high-fat diet causes an increase in DCA, which might result in
intestinal mucosal barrier damage, and leads to the develop-
ment of cancer.

Apc™™* mice carry a mutation of the adenomatous polypo-
sis coli (Apc) gene, and can spontaneously develop multiple
intestinal tumors,** which has been used as an ideal animal
model of human intestinal cancer. Our previous studies have
already shown that DCA accelerated the progression of the
intestinal adenoma-adenocarcinoma sequence under the her-
editary background of Apc mutation.""*®> Here we further pro-
vided more evidence that DCA disrupted the intestinal

This journal is © The Royal Society of Chemistry 2018
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mucosal barrier and increased intestinal permeability during
tumorigenesis. Taken together, our findings demonstrated
that DCA can promote the progression of intestinal tumors by
affecting the intestinal mucosal barrier, indicating that
improving the intestinal barrier function may provide a poten-
tial prevention and treatment strategy for the therapy of CRC.

2. Materials and methods

2.1. Cell cultures and treatment

The Caco-2 cell line is a human cloned colon adenocarcinoma
cell line that is structurally and functionally similar to differen-
tiated intestine epithelial cells. These cells can fuse and differ-
entiate into intestinal epithelial cells and form a continuous
monolayer. Caco-2 cells were cultured in DMEM medium sup-
plemented with 10% fetal calf serum (FBS), 100 U ml™" penicil-
lin, and 100 pg ml~" streptomycin at 37 °C in a 5% CO, incu-
bator. For the experiments, Caco-2 cells were seeded in 12-well
plates at 8 x 10" cells per well. The electrical resistance of the
monolayers measured using a Millicell-Electrical
Resistance System (Millipore Corporation, Billerica, MA, USA).
The monolayers were maintained for 14-21 days until the trans-
epithelial electrical resistance (TEER) reached a stable level.”®
Then the Caco-2 cells were treated with different concentrations
(50 uM, 100 pM, 200 uM and 300 uM) of DCA for different times
to record the change of TEER. Immorto-Min colonic epithelial
(IMCE) cells carry both the mutant Apc™" gene and a tempera-
ture-sensitive mutant of the SV40 large T gene is a precancerous
intestinal cell line.”” IMCE cells were grown in RPMI
1640 medium containing 10% FBS, 100 U ml™" penicillin,
100 pg ml™' streptomycin, 10 U ml™" interferon (IFN)-y and
insulin-transferin-sodium selenite media supplement (ITS) at a
temperature of 33 °C and under 5% CO,. After the treatment of
DCA, cell lysates of Caco-2 and IMCE cells were collected for
RNA extraction to detect proinflammatory cytokines.

was

2.2. Mice feeding and treatment

min/+

4-Week-old female Apc mice were obtained from Jackson
Laboratory and housed under specific pathogen free (SPF) con-
ditions. All animals were acclimatized 4 days before the experi-
ments. The animals were randomly divided into 2 groups (n =
10): control group (received sterile water) and DCA group (0.2%
DCA in sterile water) as previously described.®'" The mice were
fed an AIN93 M rodent diet and had free access to water. After
12 weeks, the mice were sacrificed by CO, asphyxiation and
the intestinal tissue was obtained. All experimental procedures
were approved by the Institutional Animal Care and Use
Committee of Tianjin Medical University, Tianjin, P. R. China
(No. TMUaMEC2016011, 16 August 2016).

2.3. Measurement of intestinal permeability

At the end of 12 weeks, the mice were fasted overnight and
fluorescein isothiocyanate-dextran (FITC-D) (MW 4 KkDa,
Sigma Aldrich, St Louis, MO) was orally administered at a con-
centration of 2 mg per 10 g body weight 4 hours before killing.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

Blood was taken from the inner canthus and centrifuged
(7 min, 3000g, 4 °C) to collect the serum. The fluorescence of
FITC-D in the serum was measured at an excitation and emis-
sion wavelength of 485 nm and 535 nm respectively. The con-
centration of FITC-D in the serum was calculated on the basis
of the standard curve.

2.4. Real-time PCR analyses

RNA was extracted from the intestinal tissue of the mice or cell
lysates of colorectal tumor cells by using the RNeasy Mini Kit
(Qiagen, Carlsbad, CA). Then RNA was converted into cDNA
using a TIANGEN reverse transcription system (TIANGEN,
Beijing, China). Real-time PCR was performed using SYBR
Green PCR Master Mix (Applied Biosystems). The mRNA level
was determined using a StepOne real-time PCR system
(Applied Biosystems) according to the manufacturer’s instruc-
tions and calculated by the AACt method. Each sample was
analyzed in duplicate and normalized to GAPDH. The primer
sequences for the target genes are shown in Table 1.

2.5. Histopathology and immunohistochemistry

The small intestine was divided into the proximal, middle and
distal segments. The intestinal tract was flushed with ice
neutral buffered PBS, and then the number and size of the
tumors were recorded after longitudinal dissection. Polyps
with diameters less than 1 mm, 1-2 mm or greater than 2 mm
were respectively considered as small diameter polyps,
medium diameter polyps and large diameter polyps. Distal
small intestine and colon were fixed in 10% formalin for 24 h
and embedded in paraffin wax. Then 5 mm sections were
stained with hematoxylin and eosin for histopathological ana-

Table 1 Primer sequences of target genes used in the experiments

Primers Sequence (5 to 3')
1 GAPDH-F TGTGTCCGTCGTGGATCTGA
2 GAPDH-R CCTGCTTCACCACCTTCTTGA
3 IL-1B-F GTGGCTGTGGAGAAGCTGTG
4 IL-18-R GAAGGTCCACGGGAAAGACAC
5 IL-6-F CCAGTTGCCTTCTTGGGACT
6 IL-6-R GGTCTGTTGGGAGTGGTATCC
7 TNF-a-F ACTCCAGGCGGTGCCTATG
8 TNF-o-R GAGCGTGGTGGCCCCT
9 NLRP3-F CTCCAACCATTCTCTGACCAG
10 NLRP3-R ACAGATTGAAGTAAGGCCGG
11 ZO-1-F GGGCCATCTCAACTCCTGTA
12 Z0O-1-R AGAAGGGCTGACGGGTAAAT
13 MUC2-F TCGCCCAAGTCGACACTCA
14 MUC2-R GCAAATAGCCATAGTACAGTTACACAGC
15 Defensin-F TCGTTCTGCTGGCCTTCC
16 Defensin-R CCTGGCTGTTCCTCAGTTTTAGTC
17 Cryptdin-F CAGCCGGAGAAGAGGACCAG
18 Cryptdin-R TAGCATACCAGATCTCTCAACGATTC
19 F4/80-F CTTTGGCTATGGGCTTCCAGTC
20 F4/80-R GCAAGGAGGACAGAGTTTATCGTG
21 MR-F GGTGCTACTCCGAACAACAG
22 MR-R ACCGTGGCTGAAAGTTCCT
23 Arg-1-F TGGCTTGCGAGACGTAGAC
24 Arg-1-R GCTCAGGTGAATCGGCCTTTT
25 CCL17-F AGTGCTGCCTGGATTACTTCAAAG
26 CCL17-R CTGGACAGTCAGAAACACGATGG
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lysis. The pathology results were evaluated by the same pathol-
ogist (Y.-].Z.) who was blinded to group allocation. Low grade
dysplasia (LGD) refers to the degree of abnormality involving
the lower part of the epithelium, while high grade dysplasia
(HGD) involves more than 1/3-2/3 of the lower epithelium.
Intramucosal carcinomas refer to tumors in situ without break-
ing through the muscularis mucosae. The tissue sections were
incubated with primary antibodies, MUC2 (Santa Cruz
Biotechnology, CA, USA), rabbit monoclonal anti-Ki-67, F4/80
or lysozyme (Abcam, MA, USA). The biotinylated anti-rabbit
secondary antibody was applied followed by horseradish per-
oxidase (HRP)-streptavidin solution. Finally, the sections were
counterstained with hematoxylin. Ki-67 is expressed in the
nucleus. MUC2, lysozyme and F4/80 are located in the cyto-
plasm. Five areas were randomly selected from each slide and
the number of positive cells was recorded. The data were quan-
tified by calculating the average percentages of positive cells in
each mouse as the positive rate of cells.

2.6. Immunofluorescence

Immunofluorescence was performed on paraffin embedded
intestinal tissue sections. The sections were incubated in a
humidified chamber with the appropriate primary antibody
zonula occludens 1 (ZO-1), IgA, F4/80 or MR (Abcam, MA, USA)
for 12 h at 4 °C. After being washed in PBS three times for five
minutes, the sections were then incubated with the fluo-
rescent-tagged secondary antibody for 1 h at room tempera-
ture. The sections were last stained with DAPI. Ultimately, the
sections were observed under a fluorescence microscope after
drying slightly. The statistical analysis for the immunofluores-
cence of ZO-1 was performed by Image] (Bethesda, USA).>*?°
Briefly, the image was opened with the Image] software. It was
reversed to gray scale and the optical density was calibrated.
Then we picked a region of interest and measured the area
and integrated density. The mean intensity was represented by
the ratio of the integrated density to the area (fluorescence
intensity% = integrated density/area). At least five areas were
selected from each image and the mean fluorescence intensity
values were recorded.

2.7. TUNEL assay

The TUNEL assay was performed using a commercially avail-
able kit (Roche Applied Science, Mannheim, Germany) accord-
ing to the manufacturer’s instructions. Each mouse was ran-
domly selected with no less than three tumors. Five sites were
randomly selected from each tumor and the percentage of
positively stained cells was calculated to determine apoptotic
cells.

2.8. Statistical analysis

The data were presented as mean + SEM. Statistical analysis
between two groups was performed using the Student’s ¢ test.
All statistics were performed using SPSS 22.0 (SPSS Inc.
Chicago, IL) and GraphPad Prism 5.0 (GraphPad Software, San
Diego, CA, USA). Differences were considered statistically sig-
nificant at p < 0.05.
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3. Results

3.1 DCA disrupted cell integrity and caused an inflammatory
response in intestinal tumor cells

Caco-2 cells can be considered as normal intestinal epi-
thelium, and TEER values can be utilized to determine their
integrity. It is generally considered that a TEER value greater
than 200 Q x cm® means a dense and intact cell monolayer.
The TEER value of the Caco-2 cells increased rapidly at 1 week
after cell inoculation and began to increase slowly on day 9,
and ultimately remained at about 300 x Q cm?® until day 21
(Fig. 1A). The dense monolayers of the Caco-2 cells were then
treated with different concentrations (50 pM, 100 pM, 200 pM
and 300 pM) of DCA, and the changes of the TEER values were
measured at different times. Treatment with 200 pM DCA for
30 min significantly disrupted Caco-2 cell monolayer integrity
which was then gradually recovered (Fig. 1B). Thus we chose
this condition for the next experiments. After treating Caco-2
and IMCE cells with 200 pM DCA for 30 min, the mRNA levels
of proinflammatory cytokines including interleukin-1f (IL-1p),
interleukin-6 (IL-6) and tumor necrosis factor-o (TNF-a) were
significantly increased (Fig. 1C and D). These results suggested
that DCA disrupted cell integrity and up-regulated the pro-
duction of proinflammatory cytokines.

3.2 DCA increased the multiplicity of intestinal tumors and
promoted tumorigenesis in mice

The mice in the two groups grew well, and there was no differ-
ence in the general status. After 12 weeks of administration,
mild hematochezia was observed in the DCA group. No signifi-
cant bloody stools and death occurred in both groups. Given no
difference in food intake, the body weight in both groups
showed a slowly increasing trend but no difference (p > 0.05,
Fig. 2A). The DCA group developed more intestinal tumors than
the control group and had a higher number of tumors in the
small intestine (36.10 + 2.80 vs. 16.70 + 1.24, p < 0.001, Fig. 2B).
Moreover, the number of small and medium diameter tumors
in the small intestine and tumors in each segment of the small
intestine were also increased in the DCA group (Fig. 2C and D).
In the DCA group, intestinal tumors slightly protruded
from the intestinal mucosa and ulceration was seen in the
intestinal lumen. HE staining showed that intramucosal carci-
nomas were present in the distal small intestine, and there was
HGD in the colon. A total of 70% (7/10) of the mice in the DCA
group were found to have HGD or intramucosal carcinomas.
Meanwhile, the pathological types of intestinal tumors in the
control group were tubular or villi-tubular adenoma. Compared
with the DCA group, only 30% (3/10) of the mice in the control
group had LGD, and no HGD or intramucosal carcinoma was
found (Fig. 2E and F). The proliferation and apoptosis of intesti-
nal tumor cells in the two groups of mice are shown in Fig. 3.
The percentage of Ki-67 positive cells in the DCA group was
higher than that in the control group (83.94 + 2.13 vs. 20.34
3.27, p < 0.001, Fig. 3A). The TUNEL assay showed that DCA
decreased the apoptosis of intestinal tumor cells (1.88 + 0.39 vs.
7.61 + 1.03, p < 0.001, Fig. 3B). Together, these results indicated

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Deoxycholic acid disrupted Caco-2 cell integrity and induced the production of proinflammatory cytokines in intestinal tumor cells. (A) Daily
TEER value of Caco-2 cells. The TEER value remained at about 300 © x cm™2 until day 21. (B) Different concentrations (50 um, 100 um, 200 pm and
300 pm) of DCA were treated to the dense monolayers of Caco-2 cells. Changes in TEER values were recorded and percentage changes were calcu-
lated. (C and D) Caco-2 and IMCE cells were treated with 200 pm DCA for 30 min, and the secretion of IL-1p, IL-6 and TNF-a was evaluated by real-
time PCR. DCA, deoxycholic acid. TEER, transepithelial electrical resistance. *, p < 0.05.

that DCA administration promoted cell proliferation, inhibited
apoptosis and facilitated intestinal tumorigenesis in mice.

3.3 DCA increased intestinal permeability and induced low
grade inflammation in mice

The intestinal permeability of mice was determined by serum
FITC-D concentration. The mice administered with DCA pre-
sented a higher concentration of FITC-D (1.17 + 0.12) pg ml™"
than the mice receiving water (0.51 + 0.07) pg ml™" (p < 0.001,
Fig. 4A). No obvious inflammation was observed under the
microscope in both groups. However, DCA increased the
mRNA expression of the NOD-like receptor family, pyrin
domain containing 3 (NLRP3) in the intestine, which assem-
bles into an inflammasome in response to invading pathogens
and other danger signals (Fig. 4B). Moreover, the levels of
proinflammatory cytokines including IL-1f, IL-6 and TNF-a
were significantly higher in the DCA group than in the control
group (Fig. 4C). Real-time PCR showed the downregulation of
ZO-1 after DCA treatment (p < 0.001, Fig. 4D).
Immunofluorescence further demonstrated that the expression
of ZO-1 decreased in the DCA group and the distribution was
discontinuous (Fig. 4E). It indicated that prolonged overexpo-
sure of DCA increased intestinal permeability and caused

chronic intestinal low grade inflammation in Apc™™* mice.

3.4 DCA reduced the number of intestinal goblet cells and
Paneth cells and their products

PAS staining and lysozyme immunohistochemical staining
were used to determine the number of goblet cells and Paneth

This journal is © The Royal Society of Chemistry 2018

cells. PAS stained sections of the colonic tissue presented a
lower average number of positive cells in the DCA group than
in the control group (20.88 + 0.79 vs. 35.44 + 1.68, p < 0.01,
Fig. 5A). The results of lysozyme immunohistochemical stain-
ing also showed that the number of positive cells was signifi-
cantly decreased in the small intestine after DCA treatment
(5.19 £ 0.26 vs. 7.49 + 0.33, p < 0.001, Fig. 5F). These data indi-
cated that DCA destroyed the intestinal epithelial barrier.

Next we examined the level of MUC2 and antimicrobial sub-
stances secreted by goblet cells and Paneth cells. The mRNA
expression of MUC2 was reduced in the colon of the DCA
group (0.15 + 0.04 vs. 0.91 + 0.05, p < 0.001, Fig. 5B).
Correspondingly, immunohistochemical staining also showed
that the number of positive cells of MUC2 in the colon was sig-
nificantly decreased when comparing the DCA group with the
control group (13.10 + 1.16 vs. 28.50 + 0.96, p < 0.001, Fig. 5E).
Meanwhile, the mRNA expressions of defensin and cryptdin
secreted by Paneth cells were decreased in the small intestine
of the DCA group (Fig. 5C and D).

3.5 DCA induced immune dysfunction in the intestinal barrier

Intestinal secretory immunoglobulin A (sIgA) plays a key role
in the intestinal immune system. As showed in Fig. 6, immu-
nofluorescence showed that the expression of small intestinal
sIgA was significantly reduced in the DCA group. The decrease
in sIgA decreases the intestinal immune function and weakens
the mucosal resistance to pathogenic invasion. In addition,
DCA increased the mRNA level of the macrophage biomarker
F4/80 in the small intestine. Immunofluorescence confirmed

Food Funct, 2018, 9, 5588-5597 | 5591


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8fo01143e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 19 October 2018. Downloaded on 3/15/2026 5:06:03 PM.

(cc)

Paper

30- —— Control group
—+— DCA group

254 p>005

weight/g
3

T rorTrrTrTrrrrrl
012345678 9101112(w)

@ Control group
B DCA group

Number of tumors

Proximal Middle Distal

Small intestine

E Control group (Small intestine) ~ DCA group (Small intestine)

Fig. 2 Deoxycholic acid increased the number of intestinal tumors and promoted tumorigenesis in Apc

View Article Online

Food & Function

B

B Control group
@ DCA group
KKk

34
g

N W A
L 29

Number of tumors
—
<

0-

Total intestine  Small intestine  Colon

D

B Control group
40- @ DCA group

* %%
—_—

Number of tumors
N
S

1mm-2mm  >2mm

<imm

Small intestine

F Control group (Colon) DCA group (Colon)

Pt

min* mice. (A) Body weight was recorded

weekly, and there was no significant difference between the two groups. (B) The number of intestinal tumors was increased in the DCA group. (C)
The number of tumors in the proximal, middle and distal segments of the small intestine significantly increased in the DCA group. (D) The number of
of tumors with different diameters in the small intestine. (E and F) The typical appearance and pathological images of tumors in the small intestine
and colon of the two groups. Tumors in the DCA group are presented as high grade dysplasia or intramucosal carcinoma by HE staining. DCA,

deoxycholic acid. Scale bars: 50 um. **, p < 0.01, ***, p < 0.001. n = 10.

the higher expression of F4/80 in the DCA group, indicating that
DCA promoted the recruitment of macrophages in the intestine
(Fig. 7A and B). Mannose receptor (MR) as a surface molecule of
M2 macrophages was found to accumulate in the small intestine
of the DCA group than in the control group (Fig. 7C). Moreover,
the mRNA expression of M2 macrophage surface molecules
including MR, Arg-1 and CCL17 were also up-regulated in the
DCA group (Fig. 7D). These data showed that DCA promoted the
polarization of M2 macrophages in mice intestine.

4. Discussion

The increased intestinal level of DCA after a high-fat diet is associ-
ated with the onset of many intestinal diseases including colorec-

5592 | Food Funct, 2018, 9, 5588-5597

30- v . . . .
tal cancer.>** However, the mechanism still remains to be eluci

dated. In the present study, we investigated the effects of DCA on
the intestinal mucosal barrier and its role in the development of
CRC. We found that DCA treatment can disrupt Caco-2 cell integ-
rity and promote the release of proinflammatory cytokines in
intestinal tumor cells. Then we used mice to mimic human intes-
tinal cancer and studied the effect of DCA on the intestinal
barrier. Our results demonstrated that DCA administration
induced chronic intestinal low grade inflammation, altered the
intestinal mucosal Dbarrier, increased intestinal mucosal
permeability and promoted tumorigenesis in Apc™™" mice.
Together, we provide a new insight that the intestinal barrier
plays a crucial role in DCA induced intestinal tumorigenesis.

In our study, we chose 0.2% of DCA based on the previous
reports and our previous study.®>>?* Bernstein et al. fed wild-

This journal is © The Royal Society of Chemistry 2018
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type male B6.129PF2/] mice with a 0.2% DCA supplemented
diet for 8 or 10 months, and found that respectively 100% and
83% of the mice developed tumors, and 50% and 67% of the
mice developed cancers. On day 90, the level of DCA measured
in feces was 0.3 mg per g dry weight in the control group and

This journal is © The Royal Society of Chemistry 2018

4.6 mg per g dry weight in the 0.2% DCA diet group.® Several
studies have shown that a high-fat diet can increase the DCA
level by approximately 2 times than a non-intervention
diet.>*** Since the level of DCA in human feces typically varies
from 2.3 mg per g to 4.1 mg per g dry weight,*® the DCA level
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Fig. 5 Deoxycholic acid reduced the number of intestinal goblet cells and Paneth cells and their products. (A) PAS staining was used to determine
the number of colon goblet cells. (B) The mRNA expression of MUC2 in normal tissue adjacent to colon tumors was reduced in the DCA group. (C
and D) The mRNA expression of defensin and cryptdin in the small intestinal tissue was reduced in the DCA group. (E) Immunohistochemical staining
also showed that DCA treatment decreased the number of positive MUC2 cells per crypt. (F) Lysozyme immunohistochemical staining was used to
determine the number of small intestine Paneth cells. Five areas were randomly selected from each slide and the number of positive cells per crypt
was recorded. DCA, deoxycholic acid. Scale bars: 50 pm. **, p < 0.01, ***, p < 0.001. n = 10.

in the 0.2% DCA diet group was nearly twice that of humans.
So the same concentration of DCA was chosen to mimic the
high-fat diet effect on intestinal tumorigenesis.

We discovered that DCA increased the mRNA expression of
NLRP3 and induced chronic intestinal low grade inflam-
mation. Normally, the NLRP3 inflammasome guards the host
from the assault of microbial pathogens and endogenous
danger signals. However, abnormal activation of the NLRP3
inflammasome can lead to a variety of diseases.’”*® Recent
studies have shown that cholesterol,® titanium dioxide*° and
DCA*! participate in the progression of intestinal diseases by
activating the NLRP3 inflammasome. Zhao et al.*' estimated
that DCA triggered NLRP3 inflammasome activation and
aggravated dextran sulfate sodium induced colitis in mice. In
summary, we indicated that DCA activation of the NLRP3

5594 | Food Funct, 2018, 9, 5588-5597

inflammasome to induce intestinal low grade inflammation
during intestinal tumorigenesis in Apc™™*
Normally, the intestinal barrier allows the absorption of

mice.

nutrients and prevents the invasion of pathogens; any change
in the composition of the intestinal barrier can alter intestinal
permeability. Intestinal barrier destruction is widespread in
intestinal diseases such as inflammatory bowel disease (IBD),
irritable bowel syndrome (IBS) and celiac disease.*” Increased
intestinal permeability leads to exposure of intraluminal anti-
gens to the intestinal mucosa, activates the immune system
and increases the infiltration of inflammatory cells.** The
intestinal barrier is a dynamic system, but the self-regulatory
capacity of the intestine can be lost under certain pathological
conditions, which then leads to increased intestinal per-
meability and chronic intestinal inflammation. Many drugs

This journal is © The Royal Society of Chemistry 2018
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mice. (A and B) The expression of F4/80 in

normal tissue adjacent to small intestine tumors was determined by immunohistochemical staining and real-time PCR. (C) The paraffin sections of
intestinal tissues were immunofluorescence stained with primary antibodies against F4/80 to mark total macrophages (red) and MR to label
M2 macrophages (green), and counterstained with DAPI to mark the nuclei (blue). (D) The mRNA expression of M2 macrophage surface molecules
including MR, Arg-1 and CCL17 in small intestine tumors was increased in the DCA group. DCA, deoxycholic acid. MR, mannose receptor. Scale bars:

100 pm. *, p < 0.05, **, p < 0.01. n = 10.

used for treating gastrointestinal disorders such as steroids,
5-aminosalicylic acid (5-ASA), anti-TNF drugs and probiotics
also have the ability to regulate intestinal permeability and
improve the disease condition.***’ Lifestyle and dietary factors
(such as westernized diets) can increase intestinal per-
meability.*® Our in vitro studies have shown that DCA increased

This journal is © The Royal Society of Chemistry 2018

cell permeability and promoted the production of proinflamma-
tory cytokines. Moreover, we confirmed in animal experiments
that DCA can disrupt the intestinal barrier structure and
increase intestinal permeability. We also found that DCA
induced inflammatory responses, regulated immune responses,
and facilitated the development of intestinal tumors.
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Our previous study has already confirmed that DCA
induced intestinal microbiota dysbiosis. DCA altered the diver-
sity of bacteria, increased the level of opportunistic pathogens
and reduced beneficial bacteria.>® In general, there is a
balance between the gut microbiota and the intestinal
barrier.”” Petersson et al.*® showed that the mucus layer of
germ-free mice was thin, but it returns to normal levels after
exposure to bacterial products. However, this balance will be
broken in the presence of disease. A previous study has shown
that bacteria penetrate the mucus layer and reach the epi-
thelium in colitis animal models and ulcerative colitis
patients.” In Muc2™~ mice, bacteria directly contacted epi-
thelial cells and were even detected in crypts and epithelial
cells.”® Muc2™~ mice developed colitis or CRC in a shorter
time than wild-type mice under the same conditions.’""*?
Furthermore, Salzman et al®>® estimated that Paneth cell
a-defensins can shape the composition of the intestinal micro-
flora, and its deficiency led to gut dysbiosis. Consistent with
this, we believe that the destruction of the intestinal barrier
after DCA treatment promoted the imbalance of microbiota
and aggravated intestinal tumorigenesis.

5. Conclusions

High-fat diets are closely related to intestinal diseases includ-
ing CRC, and the intake of a high-fat diet increases the
content of DCA in the intestine. Our results illustrated that
DCA promoted intestinal tumorigenesis partly through dama-
ging the intestinal mucosa physical barrier and functional
barrier. Hence, exploring the effect of DCA on the intestinal
mucosal barrier will provide valuable information for the pre-
vention and treatment of human high-fat diet associated CRC.
The explicit mechanisms of damaging the intestinal mucosal
barrier by DCA need further study.

Abbreviations

DCA Deoxycholic acid

CRC Colorectal cancer

Z0-1 Zonula occludens 1

sIgA Secretory immunoglobulin A
EGFR  Epidermal growth factor receptor

TJ Tight junctions

Apc Adenomatous polyposis coli

TEER  Transepithelial electrical resistance
IMCE  Immorto-Min colonic epithelium
IL-1B Interleukin-1p

1L-6 Interleukin-6

TNF-a  Tumor necrosis factor-o

HGD High grade dysplasia

LGD Low grade dysplasia

FITC-D Fluorescein isothiocyanate-dextran
NLRP3 NOD-like receptor family, pyrin domain containing 3
MR Mannose receptor
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IBD Inflammatory bowel disease
IBS Irritable bowel syndrome
5-ASA  5-Aminosalicylic acid
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