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Inflammatory bowel disease (IBD) is a predisposing factor for
colitis-associated cancer (CAC). The association between bile
acids and the gut microbiota has been demonstrated in colon
neoplasia; however, the effect of ursodeoxycholic acid
(UDCA) on gut microbiota alteration in development of colitis
and CAC is unknown. Our analysis of publicly available data-
sets demonstrated the association of UDCA treatment and
accumulation of Akkermansia. UDCA-mediated alleviation of
DSS-induced colitis was microbially dependent. UDCA treat-
ment significantly upregulated Akkermansia colonization in a
mouse model. Colonization of Akkermansia was associated
with enhancement of the mucus layer upon UDCA treatment
as well as activation of bile acid receptors in macrophages.
UDCA played a role in CAC prevention and treatment in the
AOM-DSS and Apc™™*-DSS models through downregulation
of inflammation and accumulation of Akkermansia. This study
suggests that UDCA intervention could reshape intestinal gut
homeostasis, facilitating colonization of Akkermansia and pre-
venting and treating colitis and CAC.

INTRODUCTION

Colorectal cancer (CRC) is one of the most common malignancies
and a leading cause of mortality worldwide." The inflammatory
response in the gut is a key driver of CRC development.” Colitis-
associated cancer (CAC) is a subtype of CRC that emphasizes the
role of inflammation in tumorigenesis. Inflammatory bowel disease
(IBD), particularly ulcerative colitis (UC) and Crohn’s disease, have
been suggested as predisposing factors for CAC.> A considerable
number of patients with IBD still require colectomy for their refrac-
tory disease or even intestinal neoplasia.*® Therefore, targeted
intervention for colitis is a potential strategy for prophylaxis and
treatment of CAC.

Previous studies have revealed the important role of the microbiota in
®7 Emerging evidence demonstrates that
chronic persistent inflammatory stimulation in response to microbial
dysbiosis, such as upregulated colonization of pathogens and down-
regulated colonization of probiotics, could mediate development of

intestinal homeostasis.

colitis and even CAC.>° Therefore, modulation of the microbiota
may be critical for treatment of CAC.

Bile acids (BAs) are important microbial metabolites that modulate
homeostasis of the gut immune microenvironment.'™"" A recent
study demonstrated that alteration of symbionts or diet could influ-
ence BA pools in the gut and therefore decrease the proportion of
RORY™ regulatory T cells (Treg cells) via the vitamin D receptor
signaling pathway.'’ Another study revealed that administration of
3-oxo-lithocholic acid and isoallo-lithocholic acid to mice reduced
differentiation of T helper 17 cells (Th17 cells) but induced the differ-
entiation of Treg cells in the intestinal lamina propria.'’ It is well
known that an aberrant balance of Th17 and Treg cells is associated
with progression of IBD, emphasizing the significant role of BAs in
inflammatory response. Ursodeoxycholic acid (UDCA), an important
BA, has been approved as a standard treatment for primary biliary
cholangitis."> A previous study showed that UDCA treatment im-
proves dysplasia in patients with IBD and reduces the risk of adenoma
recurrence,”” and application of UDCA has been shown to signifi-
cantly reduce the risk of advanced adenoma through modulation of
the gut microbiome.”> However, the relationship between UDCA
and alteration of the gut microbiota in CAC development remains
to be well characterized.

In this study, we postulated that application of UDCA might suppress
colitis and CAC via alteration of the gut microbiota, particularly accu-
mulation of Akkermansia. To test this hypothesis, different mouse
models were used to evaluate the therapeutic potential of UDCA in
development of colitis and CAC. We conducted antibiotic and fecal
microbiota transplantation (FMT) experiments to examine the effect
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Figure 1. Ursodeoxycholic acid (UDCA) treatment is associated with accumulation of Akkermansia

(A) Pathway analysis of the public transcriptional ulcerative colitis (UC) cohort containing 159 patients with UC and 24 normal control individuals. (B) Significantly altered
expression of various BA-associated transcripts in patients with UC compared with that in normal control (N) individuals. (C and D) UDCA treatment significantly upregulated
the abundance of Akkermansia (C) and downregulated the abundance of Bacteroides spp. (D). (E) With an average as cutoff, high abundance of Akkermansia was associated
with UDCA treatment. (F) Distinct characteristics of the microbiome between patients with high and low abundances of Akkermansia. (G) Differential abundance of several
genera (adjusted p < 0.05) between patients with high and low abundance of Akkermansia. “p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001. Two-tailed Student’s t test (C
and D); two-way ANOVA after Tukey’s multiple comparison test (B); Fisher’s exact test (E).

of the gut microbiota on the therapeutic efficacy of UDCA. The cur-
rent study demonstrates the role of UDCA in suppression of colitis
and CAC, providing a novel strategy for disease prophylaxis and
treatment.

RESULTS

Clinical application of UDCA was associated with accumulation
of Akkermansia

To characterize the significance of BAs in colitis, a publicly available
transcriptional dataset of a UC cohort, including 159 colon mucosa
biopsies with UC and 24 normal controls (GSE87473 and
GSE92415), was re-analyzed in our study. Differential analysis of
this dataset identified 180 differentially expressed genes (adjusted
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p < 0.05). In addition to inflammation-associated pathways, pathway
analysis also revealed that the pathway of bile secretion'*"” was
significantly associated with development of IBD (Figure 1A).
Multiple genes associated with BA metabolism were significantly
downregulated in patients with UC (Figure 1B), suggesting therapeu-

tic potential of BAs in patients with colitis.

Previous studies have demonstrated that aberrant metabolism of BAs
in colitis is associated with dysbiosis.'® To evaluate the influence of
BAs on the microbiome, the fecal microbiome of a clinical cohort
of 198 participants undergoing UDCA treatment was analyzed
(SRP181937). UDCA treatment significantly enriched the abundance
of Akkermansia (Figure 1C), whereas Bacteroides was significantly
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reduced (Figure 1D). With the average of abundance of Akkermansia
as a cutoff, patients were divided into two groups based on the abun-
dance of Akkermansia: a high-abundance group and a low-abun-
dance group. A high proportion of Akkermansia was significantly
associated with UDCA treatment (Figure 1E). Participants with a
higher abundance of Akkermansia exhibited distinct microbial
characteristics compared with those with a lower abundance of Ak-
kermansia (Permutational multivariate analysis of variance, PERMA-
NOVA, p = 0.001) (Figure 1F). We next detected differences in the
bacterial communities in patients with a higher abundance of Akker-
mansia. Accamulation of Akkermansia in the gut was associated with
significant downregulation of various commensals, such as Haemo-
philus, Bacteroides, Prevotella, and Desulfovibrio (Figure 1G), which
have been described previously to mediate colitis.'”'* These data
indicate that UDCA treatment is associated with accumulation of
Akkermansia.

UDCA treatment of colitis is associated with accumulation of
probiotics in mice

To evaluate the effect of UDCA on colitis, a dextran sodium sulfate
(DSS)-induced colitis mouse model was used in combination with
daily gavage of UDCA (Figure 2A). DSS-induced colitis, as measured
by weight loss, colon length, and disease activity index (DAI), was
significantly ameliorated in mice treated with UDCA compared
with control group mice (Figures 2B-2E). Histological assessment
of colonic inflammation was characterized by decreased mucosal
erosion, crypt destruction, and inflammatory cell infiltration in
mice treated with UDCA compared with control group mice
(Figures 2F and 2G). Consistent with the histological improvement,
the mRNA expression of pro-inflammatory cytokines interleukin-
1B (IL-1PB), IL-6, and tumor necrosis factor alpha (TNF-a) in terminal
ileum was significantly decreased in mice treated with UDCA (Fig-
ure 2H). These data indicate therapeutic efficacy of UDCA in colitis
development.

To validate the UDCA-induced alteration of the microbiome, the
characteristics of the microbiome from mice treated with UDCA
were determined using 16S ribosomal RNA gene sequencing. Similar
to most of the current data,”” the diversity of the gut microbiome
significantly decreased after UDCA treatment (Figure 2I). Taxonomic
analysis of the microbiome using principal coordinate analysis
(PCoA) showed significant clustering and separation between the mi-
crobiome of the UDCA-treated and control groups (PERMANOVA,
p =0.001) (Figure 2J). Generally, the phyla Bacteroidetes and Proteo-
bacteria were downregulated, whereas the phylum Verrucomicrobia
was upregulated with use of UDCA (Figure 2K). We subsequently
applied linear discriminant analysis of effect size (LEfSe) to detect
marked differences in the predominance of bacterial communities
in UDCA-treated mice. Multiple genera of potential probiotics,
including Akkermansia and Lactobacillus, were significantly enriched
in UDCA-treated mice (Figure 2L). We also validated the abundance
of these probiotics by qPCR. As expected, the relative abundance of
Akkermansia was significantly high in the feces of the UDCA-treated
group (Figure 2M). Phylogenetic investigation of communities by

reconstruction of unobserved states (PICRUSt) also indicated
involvement of the primary BA biosynthesis and peroxisome prolifer-
ator-activated receptor signaling pathways (Figures S1A and S1B),
which are common relevant pathways, upon application of BAs, as
described previously.”' These data demonstrate that the therapeutic
effect of UDCA on colitis is associated with an alteration in the gut
microbiome.

The therapeutic potential of UDCA is microbially dependent

To explore the role of the gut microbiota in UDCA treatment, we
established a mouse model with antibiotic intervention. Mice were
administered an antibiotic cocktail containing ampicillin, vancomy-
cin, neomycin, and metronidazole in their drinking water
throughout the experiment. After 4 days of antibiotic exposure,
mice were challenged with DSS in combination with daily gavage
of UDCA (Figure 3A). Exacerbation of weight loss, shortening of
colon length, and changes in DAI in UDCA-treated mice were
significantly worse after antibiotic intervention (Figures 3B-3E).
Histopathological parameters were also characterized by increased
mucosal erosion, crypt destruction, and inflammatory cell infiltra-
tion in UDCA-treated mice with antibiotic intervention (Figures
3F and 3G). Similarly, various inflammatory cytokines, such as
IL-1B, IL-6, and TNF-o, were upregulated in intestinal tissues
from UDCA-treated mice with antibiotic intervention (Figures
S2A-82C). The quantity of Akkermansia was significantly higher
in feces from the UDCA-treated group but not detected in feces
from the antibiotic-treated group (Figure S2D). These data indicate
that the therapeutic effect of UDCA on colitis was impaired by
depletion of the gut microbiota.

To confirm whether alteration of the gut microbial structure driven
by UDCA may have a causal effect on colitis development, we per-
formed FMT experiments. The microbiota was collected from donor
mice treated with UDCA or normal saline (microbial donor [MD])
and subsequently transferred to specific pathogen-free (SPF) recipient
mice (microbial recipient [MR]) challenged with 3% DSS (Figure 3H).
Fecal microbiota from UDCA-treated MD mice significantly amelio-
rated colitis in MR mice, whereas MR mice gavaged with a placebo
fecal microbiota exhibited worse weight loss, shortened colon length,
and a higher DAI score (Figures 3I-3L). Histological parameters also
improved in mice that received a fecal microbiota from UDCA-
treated donors (Figures 3M and 3N). The intestinal mRNA expres-
sion of IL-1B and TNF-a was significantly downregulated in MR
mice that received a fecal microbiota from UDCA-treated donors
compared with that in mice that received a placebo microbiota
(Figures S2E and S2F). The colonic protein expression of various tight
junction molecules (such as ZO-1, claudin 3, and occludin) in MR
mice was also restored after receiving a FMT from UDCA-treated
MD mice (Figure S2G). 16S rRNA gene sequencing revealed a distinct
microbiotic pattern in mice with FMT intervention, and significant
enrichment of Akkermansia was found in recipient mice with feces
from UDCA-treated MD mice (Figures S2H and S2I). Validation
by qPCR also demonstrated that a significant accumulation of Akker-
mansia was present in donor and recipient mice (Figures 30 and 3P),
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Figure 2. UDCA-mediated suppression of colitis was associated with gut microbiome alteration

(A) C57BL/6 mice were exposed to 3% dextran sodium sulfate (DSS) for 7 days, followed by regular water for 3 days. The mice were gavaged daily with UDCA (n = 6) or normal
saline (NS) (n = 7) until being euthanized. (B) Changes in body weight after 3% DSS administration. (C-G) Representative colon (C), colon length (D), disease activity index (DAI) (E),
representative colonic histological images (scale bars, 250 pm [top] and 100 um [bottom]) (F), and colonic histological score (G) in mice treated with UDCA or NS. (H) Quantitative
PCR detected intestinal RNA levels of pro-inflammatory cytokines (IL-1B, IL-6, and TNF-a) in mice treated with UDCA or NS. () Alpha diversity of the gut microbiome in mice
treated with UDCA or NS. (J) Principal coordinates analysis (PCoA) revealed separation of the gut microbiome in mice treated with UDCA or NS (Adonis p = 0.001). (K) General
landscape of the microbiome at the phylum level in mice treated with UDCA or NS. (L) Differentially abundant bacterial communities between UDCA-treated and NS-treated mice
using linear discriminant analysis of effect size (LEfSe) (LDA > 4). (M) The quantity of Akkermansia in feces from mice treated with UDCA or NS was assessed by gPCR. *p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001. Two-tailed Student’s t test (D, G, H, I, and M); two-way ANOVA after Tukey’s multiple comparison test (D and E).

UDCA induces accumulation of Akkermansia to alleviate colitis
via enhancement of the mucous layer

A previous study demonstrated the predilection of Akkermansia in
the mucus layer.”* We found that a high abundance of Akkermansia

indicating alleviation of colitis by UDCA-mediated accumulation of
Akkermansia. These data demonstrate that the therapeutic potential
of UDCA in colitis depends on the gut microbiota, especially
increased colonization of Akkermansia.
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Figure 3. The therapeutic potential of UDCA is dependent on the existence of the gut microbiota

(A) C57BL/6 mice were treated with water for 4 days and subsequently exposed to 3% DSS for 7 days, followed by regular water for 3 days. These mice were gavaged daily
with UDCA (UDCA, n = 7; antibiotic cocktail [ABX] + UDCA, n = 4) or NS (NS, n = 6; ABX + NS, n = 4) until being euthanized. To deplete the gut microbiota, mice were treated
with ABX until being euthanized. (B) Changes in body weight after 3% DSS administration. (C—G) Representative colon (C), colon length (D), DAI (E), representative colonic
histological images (scale bars, 250 um [top] and 100 pm [bottom]) (F), and colonic histological score (G) in mice treated with UDCA or NS. (H) Schematic of fecal microbiota
transplantation (FMT). Fresh feces from NS-treated or UDCA-treated donors (NS.MD or UDCA.MD) (NS.MD, n = 4; UDCA.MD, n = 4) were used as a source for NS-treated or
UDCA-treated recipient mice (NS.MR or UDCA.MR) (NS.MR, n = 6; UDCA.MR, n = 6), respectively. After 3 days of ABX treatment and a 24-h washout period, the recipient
mice were orally treated with a washed donor fecal microbiota twice a week. After 1 week of FMT, mice were exposed to 3% DSS for 7 days, followed by regular water for
3 days. (I) Changes in body weight after 3% DSS administration. (J-N) Representative colon (J), colon length (K), DAI (L), representative colonic histological images (scale bars,
250 um [top] and 100 um [bottom]) (M), and colonic histological score (N) in recipient mice treated with feces from donor mice. (O and P) Relative abundance of Akkermansia
in feces from donor (O) and recipient mice (P). *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001. One-way ANOVA after Tukey’s multiple comparisons test (D and G); two-way
ANOVA after Tukey’s multiple comparisons test (B, E, |, and L); two-tailed Student’s t test (K and N-P).

was significantly positively correlated with the mRNA level of Muc2 ~ how UDCA mediates accumulation of Akkermansia, we assessed

in mouse intestinal tissue (Figure S3A), implying a role of the mucus  changes in the intestinal barrier after UDCA treatment. The expres-
layer in UDCA-induced accumulation of Akkermansia. To confirm  sion of several intestinal barrier molecules (Muc2, occludin, and
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ZO-1) in the intestinal tissue was significantly upregulated in mice
treated with UDCA (Figure S3B). Specifically, multiple mucus-associ-
ated transcripts, including Muc2, Muc3, Muc4, Mucl3, Tff3, and
Fc-v-Bp, were significantly upregulated in the colonic tissue of mice
treated with UDCA (Figure S3C). Alcian blue staining revealed a
significantly higher thickness of the mucus layer in UDCA-treated
mice than in the control groups (Figures S3D and S3E).

To investigate the role of Akkermansia muciniphila enriched by
UDCA in intestinal inflammation, we colonized A. muciniphila in
mice with DSS intervention (Figure 4A). The colon length in mice
treated with A. muciniphila was similar to that in mice with UDCA
administration, which were both significantly improved compared
with the control group (Figures 4B and 4C). Compared with mice
with DSS intervention, a significantly increased thickness of the mu-
cous layer and improved characteristics of histological parameters
were also found in mice treated with A. muciniphila or UDCA
(Figures 4D-4G). These data suggest that UDCA treatment created
an environment characterized by enhancement of the mucus layer,
facilitating accumulation of Akkermansia to alleviate colitis in mice.

UDCA-induced Akkermansia in colitis is associated with
activation of BA receptors in macrophages

To assess the underlying mechanism of Akkermansia accumulation in
colitis, multiple BA receptors in the terminal ileum from mice with
antibiotics or FMT treatment described above (Figures 3A and 3H)
were detected using qPCR. Highly significant upregulation of BA re-
ceptors, such as farnesoid X receptor (Fxr) and pregnane X receptor
(Pxr), was observed in the intestine of UDCA-treated mice, whereas
these receptors were significantly downregulated after treatment
with the antibiotic cocktail (Figures S4A and S4B). Similar results
from the FMT experiments emphasized microbiota-dependent upre-
gulation of Fxr and Pxr after UDCA treatment (Figures S4C and
$4D). Mice treated with UDCA or a UDCA-induced microbiota
were also associated with upregulation of small heterodimer partner
(Shp), a downstream target gene of Fxr (Figures S4E and S4F).
However, the mRNA expression levels of takeda G protein-coupled
receptor 5 (Tgr5) and vitamin D receptor (Vdr) upon UDCA admin-
istration were comparable between mice treated with antibiotics and
untreated mice (Figures S4G-S4]J). We found that upregulation of Fxr
in mice that received a fecal microbiota from UDCA-treated donors

was associated with downregulation of Icaml and iNos (Figures S4K
and S$4L), indicating suppression of nuclear factor kB (NF-kB)
signaling pathways after UDCA treatment.

A previous study demonstrated involvement of the FXR-NF-«kB
pathway in macrophages.”’ Hence, we performed RNA sequencing,
using colonic tissue from mice treated with UDCA or Akkermansia
(Figures 4H and 4I). To depict the immune contexture, we evaluated
the relative abundance of different immune cells from gene expres-
sion profiles using the cell-type identification by estimating relative
subsets of RNA transcripts (CIBERSORT). The pattern of immune
composition was similar in mice with UDCA treatment or
Akkermansia intervention (Figure 4H). As an important antigen-pre-
senting cells, macrophage signals associated with the M1 phenotype
were downregulated in mice with UDCA treatment or Akkermansia
intervention. Specifically, increased M2 phenotype signals of macro-
phages were observed in mice from the Akkermansia group. Similarly,
various inflammatory cytokines were downregulated in mice gavaged
with UDCA or Akkermansia (Figure 4I). The BA receptors (Fxr and
Vdr) were also found to be upregulated, whereas expression of several
transcripts associated with the NF-kB pathway was obviously
decreased in mice with Akkermansia treatment. We verified this
mechanism in the macrophage cell line RAW264.7. Compared with
macrophages stimulated by feces from normal saline (NS)-treated
mice, macrophages stimulated by a fecal microbiota from mice
treated with UDCA demonstrated upregulation of Fxr, Pxr, and
Shp and downregulation of intercellular ddhesion molecule 1
(Icaml) (Figures S4AM-S4P). These data suggest a potential mecha-
nism by which microbiota-mediated activation of BA receptors is
associated with suppression of the NF-kB signaling pathway in
macrophages.

UDCA treatment improves CAC by modulation of the microbiota

Chronic colonic inflammation is an important risk factor for carcino-
genesis. We subsequently developed an in vitro co-culture system of
macrophages (RAW264.7) and intestinal epithelial cells (IEC-6) to
explore the role of UDCA-associated microbiotas in epithelial inflam-
mation (Figure 4]). We found that macrophages stimulated by feces
from UDCA-treated mice (UDCA.macrophages) significantly
reduced expression of inflammatory cytokines (IL-6, TNF-a) and
NEF-kB target genes (Icaml and iNOS) in IEC-6 cells (Figure 4K).

Figure 4. UDCA-induced Akkermansia in colitis is associated with activation of BA receptors in macrophages

(A) C57BL/6 mice were exposed to 3% DSS for 7 days, followed by regular water for 3 days. These mice were gavaged daily with UDCA (n = 7), A. muciniphila (n = 7), or NS
(n =7) until being euthanized. As controls, mice were gavaged with NS without DSS treatment (n = 6). (B—G) Representative colon (B), colon length (C), representative mucus
layer by Alcian blue staining (scale bar, 25 um) (D), and mucus thickness (E), colonic histological score (F), representative colonic histological images (scale bars, 250 um [top]
and 100 um [bottom]) (G) in mice treated with NS, UDCA, or A. muciniphila. (H) The distribution of intestinal immune cells was analyzed on the basis of the transcriptome. (1)
Relative abundance of several transcripts associated with inflammatory cytokines, BA receptors, and the NF-«kB signaling pathway. (J) Schematic of the co-culture
experiment of IEC-6 and RAW 264.7 cells stimulated by fecal microbiotas from UDCA- or NS-treated mice (UDCA.macrophages or NS.macrophages). (K) Relative
expression of inflammatory cytokines in IEC-6 cells after co-culture for 24 h with stimulated RAW 264.7 cells. (L) Representative images acquired 0 and 24 h after wounding of
|IEC-6 cells co-cultured with UDCA.macrophages or NS.macrophages. The lines define the areas lacking cells. (M) The percentage of healing area was determined by
calculating the healing area at 12 or 24 h with that at time O h. (N and O) Representative photographs of the Transwell migration assay of IEC-6 cells co-cultured with
UDCA.macrophages or NS.macrophages (N) (scale bars, 200 um [left] and 100 um [right]), and the optical density 750 (OD-s0) of crystal violet-stained transmembrane cells
dissolved in acetic acid (O). *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001. One-way ANOVA after Tukey’s multiple comparisons test (C, E, and F); two-tailed Student’s t
test (K, M, and O).
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Healing (Figures 4L and 4M) and migration (Figures 4N and 40) of
IEC-6 cells were promoted by UDCA.macrophages. These data indi-
cated a role of UDCA-associated macrophages in epithelial inflam-
mation, leading to alleviation of CAC.

To evaluate the therapeutic potential of UDCA in CAC, mice were in-
jected with azoxymethane (AOM), a carcinogenic agent, to mimic
development of CAC, followed by three cycles of DSS. After challenge
with DSS, the mice were treated with UDCA for 3 weeks, as shown in
Figure 5A. Macroscopic evaluation of the colon revealed significantly
fewer tumors and smaller tumor sizes in mice treated with UDCA
(Figures 5B-5E). Several inflammatory cytokines, such as IL-1f,
IL-6, and TNF-a., were significantly decreased after UDCA treatment
(Figures S5A-S5C). Similar to the immune pattern observed in colitis,
UDCA treatment significantly downregulated the mRNA expression
of CD80 and CD86 but upregulated CD163 in intestinal tissue
(Figures S5D-S5F), indicating that the role of UDCA in CAC develop-
ment may be associated with modulation of macrophage infiltration.
However, this therapeutic effect of UDCA in the CAC model was alle-
viated after intervention with the antibiotic cocktail (Figures 5B-5E).

In addition to the role of UDCA in CAC treatment, we investigated
whether UDCA has a preventive effect on CAC. Mice treated with
AOM/DSS were subjected to gavage with UDCA, imitating a pre-clin-
ical model of tumor prevention (Figure 5G). The tumor load in the
mice was significantly reduced after UDCA treatment (Figures 5H-
5K). As expected, the reduced tumor load was accompanied by down-
regulation of several inflammatory cytokines in the gut of mice
treated with UDCA (Figures S5G-S5I). ApcMi“/ * mice exposed to
1.5% DSS for 1 week, as described previously,24 were also used to
assess the preventive potential of UDCA on CAC. The mice were gav-
aged with UDCA throughout the experiment (Figure 5M). Consistent
with the results in the AOM/DSS model, UDCA reduced the size and
number of colonic tumors as well as the levels of various pro-inflam-
matory cytokines (Figures 5N-5Q and S5J-S5L). The relative abun-
dance of Akkermansia in feces was significantly high in mice treated
with UDCA (Figures 5F, 5L, and 5R), demonstrating that the thera-
peutic potential of UDCA in CAC may be mediated by accumulation
of Akkermansia. These data demonstrated a role of UDCA in prophy-
laxis and treatment of CAC.

DISCUSSION

This study highlights that the therapeutic potential of UDCA in colitis
and CAC is mediated by accumulation of Akkermansia through
enhancement of the mucus layer. Our present data demonstrate
that application of UDCA-induced alleviation of colitis is microbially
dependent. Specifically, accumulation of Akkermansia upon UDCA
treatment was associated with an increased thickness of the mucus
layer. UDCA-induced colonization of Akkermansia was accompanied
with a downregulated M1 phenotype signal of macrophages and an
increased M2 signal in colon tissue. In addition to the therapeutic ef-
fect on colitis, we also provide evidence to emphasize the significance
of UDCA during prophylaxis and treatment of CAC via modulation
of the gut microbiota. We show the potential mechanism by which the
altered microbiota, upon UDCA treatment, was associated with acti-
vation of the BA receptor and downstream NF-kB signaling pathway
in macrophages.

Several studies have demonstrated the essential role of BAs in im-
'® BA-induced immunoregu-
lation has been shown to mediate the prognosis of colitis.'”'" As a

mune modulation and gut homeostasis.

synthetic BA, UDCA is a standard therapeutic strategy for primary
biliary cholangitis,'* indicating its role in suppression of the inflam-
matory response. Recent studies found that application of UDCA
could reduce the risk of CRC in patients with UC, primary sclerosing
cholangitis, or primary biliary cirrhosis.”*> A large phase III placebo-
controlled, randomized trial of UDCA also found a reduced risk of
adenoma recurrence with high-grade dysplasia.”” Some evidence
has shown therapeutic significance of UDCA in colitis and colonic

28-31
neoplasms.

Similarly, the present study demonstrated that
UDCA reduced tumorigenesis in a mouse model, probably through
suppression of intestinal inflammation. This evidence emphasizes

the clinical significance of UDCA in colitis and CAC.

Previous studies have shown a direct effect of UDCA on colon cancer
cells through activation of the TGR5-Yes-associated protein (YAP)
axis or oxidative stress.’>*? In addition to the direct effect, previous
studies have shown that the different efficacy of UDCA on advanced
adenoma may be related to alteration of the intestinal microbiota.'>*
BAs are known to have a strong effect on alteration of the gut micro-

biota. Specifically, cholic acid increased members of Clostridia and of

Figure 5. UDCA application limits CAC by modulation of the microbiota

(A) Schematic of treatments in azoxymethane (AOM)/DSS-treated mice. After the initial AOM injection (10 mg/kg), three cycles of 1.5% DSS were administered to mice in
drinking water. Then mice were gavaged daily with UDCA or NS until being euthanized. To deplete the gut microbiota, mice were treated with ABX until being euthanized. (B)
Representative images of macroscopic polyps in the AOM-DSS model throughout disease progression. (C) Representative colonic histological images and representative
images of Ki67 immunohistochemical staining in colon tissues; scale bars, 250 um (left) and 100 um (center and right). (D and E) Tumor nodules and tumor size in mice treated
with UDCA or NS. (F) Relative abundance of Akkermansia in feces from mice treated with UDCA or NS. (G) Schematic of treatments in AOM-DSS-treated mice. Mice were
gavaged with UDCA after every cycle of DSS administration. (H) Representative images of macroscopic polyps in the AOM-DSS model throughout disease progression. (1)
Representative colonic histological images and representative images of Ki67 immunohistochemical staining in colon tissues; scale bars, 250 um (left) and 100 um (center
and right). (J and K) Tumor nodules and tumor size in mice treated with UDCA or NS. (L) Relative abundance of Akkermansia in feces from mice treated with UDCA or NS. (M)
Schematic of treatments in Apc™™* mice. After gavage with UDCA or NS for 2 weeks, Apc™™* mice were exposed to 1.5% DSS for 1 week. Mice were gavaged with UDCA
or NS for a subsequent 7 weeks. (N) Representative images of macroscopic polyps in the AOM-DSS model throughout disease progression. (O) Representative colonic
histological images and representative images of Ki67 immunohistochemical staining in colon tissues; scale bars, 250 um (left) and 100 um (center and right). (P and Q) Tumor
nodules and tumor size in mice treated with UDCA or NS. (R) Relative abundance of Akkermansia in feces from mice treated with UDCA or NS. *p < 0.05, *p < 0.01,
***p < 0.001, ***p < 0.0001. One-way ANOVA after Tukey’s multiple comparison test (D-F); two-tailed Student’s t test (J-L and P-R).
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the subclass Erysipelotrichia in rats, with a corresponding loss of
members of the phyla Bacteroidetes and Actinobacteria.”* Deoxy-
cholic acid could directly downregulate colonization of Bifidobacte-
rium breve and Lactobacillus salivarius.”> Secondary BAs also pro-
mote colonization resistance to Clostridioides difficile infection, as
demonstrated by the inhibitory effect of Clostridium sporogenes on
C. difficile, with deoxycholic acid acting as the key mediator.® Our
present data also found that the therapeutic potential of UDCA was
microbially dependent, indicating a indirect mechanism of UDCA
on colitis and CAC. Although various studies have proposed
UDCA-induced modulation of the microbiota,” limited evidence
has been provided to elucidate the causality of UDCA in changes in
the gut microbiota. The present study demonstrated that UDCA
drove the accumulation of gut probiotics, especially upregulation of
Akkermansia and Lactobacillus. These two strains are well-known
probiotics that have diverse effects on gastrointestinal and metabolic
disease.”®™*' However, only Akkermansia was found to be signifi-
cantly upregulated in donor and recipient mice. Our results also sug-
gested that the effect of UDCA on treatment of colitis and CAC relies
on accumulation of Akkermansia, emphasizing the significance of the
microbiome in UDCA indirect efficacy. Elucidation of the Akkerman-
sia effect on UDCA-induced regression of colitis and CAC was a
novel therapeutic strategy.

However, the underlying mechanism between UDCA and Akker-
mansia accumulation remains unclear. A. muciniphila is associated
with a low-grade inflammatory tone to protect from specific meta-
bolic disorders and cardiometabolic risk factors.”” A previous study
demonstrated that A. muciniphila activates TLR2 through purified
membrane proteins to mediate intestinal homeostasis, alleviating
the gut inflammatory response.”” A recent study found that this pu-
rified membrane protein from A. muciniphila blunted colitis-associ-
ated tumorigenesis.” Although various studies have concentrated on
the interaction between A. muciniphila and the host, the precise
modulation of A. muciniphila in the gut lumen remains a challenge.
A previous study confirmed that UDCA could maintain intestinal
barrier function and limit mucosal inflammation.*> Our present
study suggests that UDCA application could enhance the intestinal
mucus layer and attenuate intestinal inflammation. These changes
in the gut microenvironment in response to UDCA treatment are
suitable for A. muciniphila enrichment. Similarly, a previous study
demonstrated a close correlation between A. muciniphila and the
thickness of the mucus layer,"> probably through release of
microbe-associated molecular patterns and production of short-
chain fatty acids.** *® Other evidence revealed increased infiltration
of M1 macrophages’’ and downregulation of M2 macrophages®
during CAC development, and
A. muciniphila is associated with decreased CD16/32" macrophages
in the spleen and mesenteric lymph nodes of colitis mice.” Our re-
sults also found a downregulated M1 phenotype signal of macro-
phages in mice treated with UDCA and A. muciniphila. An associ-
ation between increased A. muciniphila and inhibition of the NF-kB
signaling pathway in macrophages may contribute to activation of
BA-associated receptors. Despite the previously described role of

elevated colonization of
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BAs in the BA receptor, alteration of the gut microbiota also has
a novel effect on activation of several BA receptors during develop-
ment of colitis.*** However, the causal relationship between
A. muciniphila and macrophages upon UDCA treatment requires
further evaluation. Experiments with gnotobiotic mice are encour-
aged to validate the role of UDCA and Akkermansia in regression
of colitis and CAC.

The current study revealed a critical role of UDCA in colitis and CAC
that was mediated by alterations in the microbiome. UDCA interven-
tion can reshape intestinal gut homeostasis, facilitating colonization
of Akkermansia and preventing and even treating colitis and CAC.
Elucidation of the relationship between UDCA and the gut micro-
biome could provide a novel strategy for prophylaxis and treatment
of inflammation-associated tumorigenesis.

MATERIALS AND METHODS

Clinical cohorts

To evaluate the relationship between colitis and BAs, transcriptome
datasets (GSE87473 and GSE92415) of a UC cohort were used in
our study. The fecal microbiome from the clinical dataset
SRP181937 was used to explore the role of UDCA treatment in micro-
biome alterations.

Mice

Six- to eight-week-old male C57BL/6 mice and APC M™* mice were
housed under a 12:12 h light:dark cycle in a SPF facility at the Sixth
Affiliated Hospital of Sun Yat-Sen University. SPF mice were fed a
sterilized laboratory rodent diet (5LOD, LabDiet). Animals were
handled in accordance with protocols approved by the Institutional
Animal Care and Use Committee (IACUC) at Sun Yat-Sen
University.

Isolation and identification of A. muciniphila

For isolation of A. muciniphila, fresh mouse feces were homogenized as
described previously. Fecal pellets (200-250 mg) were collected in sterile
tubes prior to suspension and homogenization in 2 mL of phosphate-
buffered saline (PBS) under anaerobic conditions. After serial dilutions,
the supernatant was spread onto brain heart infusion (BHI)-supple-
mented mucin (4 g/L, M378, Sigma, CA) agar plate and incubated over-
night under anaerobic conditions for 72 h (80% N, 10% H,, 10% CO,).
Bacterial DNA was extracted from each single colony, and the identity
of individual isolates was verified by Sanger sequencing of the V1-V9
regions of the 16S rRNA gene. The following primer set was used for
amplifications: 27F 5'-AGAGTTTGATCCTGGCTCAG-3'and 1492R
5'-GGTTACCT TGTTACGACTT-3'. 16S rRNA sequencing was per-
formed using the Illumina MiSeq platform.

DSS-induced colitis

To induce colitis, C57BL/6 mice were treated with 3% DSS for 7 days,
followed by regular water for 3 days. Mice received UDCA or NS
treatments daily during the whole experiment. For the antibiotic
experiment, SPF mice were treated with a broad-spectrum antibiotic
cocktail (ampicillin [0.2 g/L], metronidazole [0.2 g/L], neomycin 0.2
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[g/L], and vancomycin [0.1 g/L]) in the drinking water throughout
the experiment. After 4-day treatment with antibiotics, mice gavaged
with UDCA or NS were challenged with DSS. UDCA was adminis-
tered daily by oral gavage (50 mg/kg body weight) as described previ-
ously.” For the A. muciniphila colonization experiment, mice were
gavaged with A. muciniphila (1 x 109 colony-forming units
[CFUs]/dose) daily. The animals were monitored for weight loss (0,
none; 1, 1%-5%; 2, 5%-10%; 3, 10%-20%; 4, >20%), stool consistency
(0, normal stool; 2, loose stool; 4, diarrhea), and hemoccult (0,
normal; 2, hemoccult positive; 4, gross blood) during the course of ex-
periments, and averages of these parameters were used to compute
the DAL® Mice were sacrificed, and their colon tissues were fixed
in 4% paraformaldehyde for H&E staining or modified Carnoy’s fixa-
tive for Alcian blue staining. DAI and histological analysis were per-
formed as in previous studies.”””'

FMT

SPF C57BL/6 donor mice were treated with UDCA (50 mg/kg body
weight) or NS for 2 weeks. The fecal microbiota was prepared under
anaerobic conditions as described previously.” Fecal pellets (200~
250 mg) were collected in sterile tubes prior to suspension and ho-
mogenization in 2 mL of PBS previously placed in an anaerobic
chamber overnight. After centrifugation at 500 rpm at 4°C for 30
s, bacterially enriched supernatants were collected and centrifuged
for 5 min at 4,500 rpm, and the supernatant was discarded; this
procedure was repeated three times. The final bacterial pellets
were resuspended in 2 mL PBS for gavage (200 puL/mouse). SPF
recipient mice were treated with an antibiotic cocktail for 4 days
and then gavages with the donor fecal microbiota twice a week
before 3% DSS intervention and underwent two FMTs during the
DSS intervention.

Colitis-associated CRC model

To establish the colitis-associated CRC model, SPF C57BL/6 mice
were intraperitoneally injected with AOM (10 mg/kg), followed by
DSS administration. For AOM/DSS treatment, mice were injected
with AOM on the first day and subsequently challenged with 1.5%
DSS for 1 week, followed by normal drinking water for 1 week. After
three cycles of DSS intervention, mice were given UDCA (50 mg/kg
body weight) three times a week for 3 weeks. For AOM/DSS preven-
tion, mice were treated first with DSS and then gavaged with UDCA
after a 1-week interval. Mice were harvested after three cycles of DSS
intervention. Apc™™* mice were challenged with 1.5% DSS for 7 days
after 3 weeks of UDCA treatment, and UDCA intervention was
continued until the end of the experiment.

High-throughput 16S rRNA gene amplicon sequencing and
analysis

Fecal genomic DNA from DSS-induced colitis and FMT experi-
ments was extracted using the DNeasy Blood & Tissue Kit (QIA-
GEN, Germantown, MD). In brief, barcoded amplicons from the
V3-V4 region were generated using 2-step PCR. In the first step,
10 ng genomic DNA was used as template for the first PCR with
a total volume of 20 pL, using the 338F and 806R primers appended

with Illumina adaptor sequences.”® Subsequently, PCR products
were purified, checked on a fragment analyzer, and quantified, fol-
lowed by equimolar multiplexing, and sequencing on an Illumina
Miseq PE300 platform with the paired-end (2xx) 300-bp protocol.
Quantitative Insights into Microbial Ecology 2 (QIIME2) software
was used for microbial analyses.”® Reads were imported, quality
filtered, and dereplicated with the q2-data2 plugin. Subsequently,
the dada2 plugin was used with paired-end reads with truncation
of the primer sequences and trimming of the reads. The sequences
were classified using Greengenes (v.13.8) as a reference 16S rRNA
gene database.”>® PCoA, LefSe, and Significant Species were per-
formed using R (v.4.1.1). A similar microbiotic analysis procedure
was applied to the fecal microbiome from a clinical dataset
(SRP181937).

Host RNA sequencing and analysis

Colonic samples were obtained from mice with treatment of UDCA
or A. muciniphila. Total RNA was extracted from mesenteric tissue
using Trizol reagent (Life Technologies, Carlsbad, CA, USA) and
precipitated with isopropanol. The RNA sequencing (RNA-seq)
libraries (non-strand specific, paired end) were prepared using the
TruSeq RNA Sample Prep kit (Illumina, San Diego, CA), and the
libraries were successfully constructed from mesenteric samples. To
construct the RNA-seq libraries, at least 100 ng of the total RNA
was transcribed into cDNA, and the quantities of the cDNA libraries
were assessed by Nanodrop instrument (Thermo Fisher Scientific).
Then we used a Covaris S220 system (Covaris, Woburn, MA) to
generate sheared cDNA and quantified the cDNA by Nanodrop again
to calculate the appropriate amount of cDNA for library construction.
Sample-specific barcodes were added to each cDNA library and then
pooled and sequenced on a HiSeq platform (Illumine, San Diego, CA)
with a 2 x 100-bp HiSeq run. Differential expression analysis of two
groups (two biological replicates per condition) was performed using
the limma R package. Genes with adjusted p < 0.05 were assigned as
differentially expressed.

Cell culture

The murine macrophage cell line RAW264.7 and intestinal epithelial
cell line IEC-6 were purchased from the American Type Culture
Collection. Cells were cultured at 37°C in Dulbecco’s modified Eagle’s
medium (Gibco, Thermo Fisher Scientific, St. Peters, MO) supple-
mented with 10% fetal bovine serum (Gibco, Thermo Fisher Scienti-
fic) in a 5% CO, atmosphere. For the mouse fecal microbiota stimu-
lation experiments, the ratio of 1 mL saline per 50 mg feces was used
for preparing homogeneous fecal suspensions, which were then
centrifuged for 1 min at 500 rpm. Bacterially enriched supernatants
were centrifugated at 13,000 x g for 5 min, and the supernatant
was discarded. The fecal microbiota was collected after suspending
the microbiota pellet in 1 mL PBS and inactivation at 65°C for
30 min. The cultured cells were stimulated by fecal microbiota at a
MOI (multiplicity of infection) of 200 for 24 h, and RNA was ex-
tracted for quantitative real-time PCR analysis. For co-culture of
stimulated RAW264.7 and IEC-6 cells, co-culture was performed
with 6-well plates with 0.4-pm pore size chamber inserts (Corning).
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In brief, 2 X 1076 microbiota-stimulated RAW264.7 cells were seeded
in the upper chamber well, and 1 x 10° IEC-6 cells were added into
the lower chamber. After 24 h, IEC-6 cells were collected, and RNA
was extracted for quantitative real-time PCR analysis.

Migration and invasion assays

Cell migration and invasion were examined using cell migration as-
says and a wound healing assay. Cell migration assays were performed
with 24-well plates with 8-um pore size chamber inserts (Corning). In
general, 5 x 10* IEC-6 cells resuspend in 200 pL serum-free DMEM
were seeded in the upper chamber well, and 1 x 10A5 microbiota-
stimulated RAW264.7 cells resuspend with 800 uL of DMEM with
10% FBS were added into the lower chamber. After 24 h, cells
migrating through the membrane were fixed with 4% paraformalde-
hyde for 30 min and then stained with 0.1% crystal violet for 30 min.
The cells were viewed under an inverted microscope (DMI4000B, Le-
ica, Wetzlar, Germany) and we detected the absorbance at 570 nm af-
ter dissolving the crystal violet of the emigrated cells in a 33% acetic
acid solution. The wound healing assay was performed with 12-well
plates with 0.4-pm pore size chamber inserts (Corning). Generally,
1 x 10° TEC-6 cells were distributed into each well of a 4-well
scratcher in the lower chamber, and the scratcher was taken off after
overnight apposition. 2 x 10A5 RAW264.7 cells stimulated with a
bacterial suspension for 24 h were placed in the upper chamber for
a total of 24 h. At 12 h and 24 h, the cells were viewed under an in-
verted microscope (DMI4000B, Leica, Wetzlar, Germany) and quan-
tified using Image].

RNA and DNA extraction

Colonic tissue samples were harvested, and RNA was extracted using
a total RNA kit (RC112-01; Vazyme, China). cDNA was reverse tran-
scribed using Hiscript@ IIT RT Super Mix with gDNA Wiper (R323-
01; Vazyme, China). Fecal DNA was extracted using an AmPure Mi-
crobial DNA Kit (D7111; Megan, China).

Quantitative real-time PCR analysis

Quantitative real-time PCR was performed on an Applied Biosystems
7500 real-time PCR system using 2x SYBR Green Fast qPCR Mix
(RK02001; Biomarker, China). The primer sequences used in this
study are listed in Table S1.

Immunohistochemistry

Tissues were fixed in 4% formalin and embedded in paraffin. The sec-
tions were deparaffinized with dimethylbenzene and rehydrated using
a graded alcohol series, followed by antigen retrieval and endogenous
peroxidase quenching by H,O,. Sections were then blocked with
normal goat serum for 30 min and incubated with Ki67 antibody
(1:2,000, ab16667, Abcam, Cambridge, MA) overnight at 4°C. After
washing three times with PBS, sections were incubated with the
appropriate secondary antibodies (horseradish peroxidase [HRP]
goat anti-rabbit immunoglobulin G [IgG], PV-6001, ZSGB-BIO,
China) at a 1:500 dilution for 30 min at 37°C. Finally, sections were
visualized by incubation in 3,3’'-diaminobenzidine with 0.05% H,0,
for 1 min to induce a colorimetric reaction.

596 Molecular Therapy Vol. 31 No 2 February 2023

Molecular Therapy

Western blotting

Radio-immunoprecipitation assay buffer consisting of 150 mM NaCl,
1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 50 mM Tris (pH 8), and protease inhibitor cocktail (Promega,
Fitchburg, WI) was used to lyse cells. Sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis was performed to separate the
proteins, which were then transferred to polyvinylidene fluoride
membranes using the Trans-Blot System (Bio-Rad, CA). The mem-
branes were incubated with specific primary antibodies against
Z0-1 (Abcam, ab96587), claudin 3 (Abcam, ab199635), occludin
(Abcam, ab167161), and Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Abcam, ab181602) at 4°C overnight after the membranes
were blocked with 5% (w/v) skim milk (BD Biosciences, San Jose, CA)
in Tris-buffered saline with 0.1% (v/v) Tween 20 (TBST) at room
temperature for 1 h. The membranes were then washed with TBST
three times and incubated with a specific secondary antibody (HRP
goat anti-rabbit IgG, BA1054, Boster, China) at room temperature
for 1 h. Enhanced chemiluminescence (ECL) Blotting Detection Re-
agents (Amersham Biosciences, Little Chalfont, Buckinghamshire,
UK) were used to visualize the specific bands. GAPDH served as a
control for the western blot analysis.

Quantification and statistical analysis

Unless otherwise stated, all statistical analyses were performed using
Prism 8 (GraphPad, San Diego, CA). Two-tailed Student’s t test
(parametric) or Mann-Whitney U test (non-parametric) were
applied. For comparison of more than three groups, statistical anal-
ysis was performed using one-way ANOVA (parametric) or
Kruskal-Wallis test (non-parametric). All p values were two sided,
and adjusted p < 0.05 was considered statistically significant. Details
of the statistical tests are indicated in the respective figure legends.
Statistical significance values are denoted as follows: *p < 0.05,
**p < 0.01, ¥*p < 0.001, and ****p < 0.0001.
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