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Abstract

Background Yes-associated protein 1 (YAP1) regulates the survival, proliferation, and stemness of cells, and contrib-
utes to the development of metabolic dysfunction associated fatty liver disease (MAFLD). However, the regulatory role
of intestinal YAP1 in MAFLD still remains unclear.

Methods Terminalileal specimens were used to compare intestinal YAP1 activation in patients with and without
MAFLD. Mice targeted for knocking out YAP1 in the intestinal epithelium were fed a high-fat diet (HFD) for 8 consecu-
tive weeks. In a separate group, the mice were fed an HFD supplemented with the bile acid binder cholestyramine
(CHO) or a low-fat diet with deoxycholic acid (DCA). Immunofluorescence, Immunohistochemistry, Western blot,
RT-gPCR, ELISA, 165 rDNA sequencing, tissue and enteroid culture techniques were used to evaluate the effects

of an HFD or DCA on the gut—liver axis in mice or humans.

Results Intestinal YAP1 was activated in both humans with MAFLD and mice fed an HFD. In in vivo studies, YAP1
knockout in intestinal epithelial cells of mice alleviated the hepatic steatosis induced by an HFD, and mitigated

the adverse effects of HFD on the gut—liver axis, including the upregulation of lipopolysaccharide (LPS) and inflam-
mation levels, enrichment of intestinal Gram-negative bacteria, and inhibition of intestinal stem cell (ISC) differentia-
tion into the goblet and Paneth cells. High-fat feeding (HFF) produced high concentrations of DCA. The consumption
of DCA mimics these HFF-induced changes, and is accompanied by the activation of Abelson tyrosine-protein kinase
1 (ABL1) and its direct substrate, YAP1, in the terminal ileum. In vitro studies further confirmed that DCA upregu-
lated the tyrosine phosphorylation of YAP1Y3”in ISC by activating ABL1, which inhibited the differentiation of 1SCs
into secretory cells.

Conclusions Our findings reveal that the activation of the ABL1—YAP1 axis in ISCs by DCA contributes to hepatic
steatosis through the gut—Tliver axis, which may provide a potential intestinal therapeutic target for MAFLD.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is a meta-
bolic-related disorder that has been renamed metabolic
dysfunction-associated fatty liver disease (MAFLD). The
pathogenesis of MAFLD involves factors such as lipo-
toxicity, endoplasmic reticulum stress, oxidative stress,
impaired intestinal mucosal barrier function, disturbance
of gut microbiota, and epigenetic inheritance [1]. Expo-
sure to a high-fat diet (HFD) and diet-induced obesity are
major causes of MAFLD.

The chronic low-grade inflammation observed in
patients with MAFLD may result from the invasion of
intestinal pathogens into the gut-liver axis [1, 2]. The
intestinal mucosal barrier is an important host defence
system against external antigens [3] and includes the
physical barrier composed of mucin secreted by intes-
tinal epithelial goblet cells and tight junctions, and the
functional barrier composed of antimicrobial peptides
secreted by Paneth cells, as well as immunoglobulin and
complement proteins produced by mucosal immune
cells [4]. The integrity of the intestinal mucosal barrier
depends on the function of LGR5" intestinal stem cells
(ISCs) located in epithelial crypts [5]. Impaired differen-
tiation of ISCs into secretory cell lines, such as goblet and
Paneth cells, is associated with the occurrence and pro-
gression of inflammatory and metabolic diseases [6, 7].
Chronic exposure to HFD induces increased permeabil-
ity of the intestinal mucosal barrier [8, 9] that leads to the
translocation of intestinal bacteria and their metabolites
such as endotoxins into the blood and the liver, thereby
activating the liver immune system and leading to hepatic
inflammation and steatosis [10]. Therefore, abnormal
regulation of gut-liver axis plays an important role in the
development of MAFLD.

Exposure to HFD can induce changes in the bile acid
pool, especially the elevation in deoxycholic acid (DCA)
levels [11, 12]. Our previous study had confirmed that
2 weeks of high-fat feeding increased fecal DCA levels in
mice [6]. Significantly elevated circulating levels of DCA
have been reported in patients with NAFLD and non-
alcoholic steatohepatitis (NASH) [13, 14], and disease
activity and degree of hepatic fibrosis are positively cor-
related with increasing levels of DCA and its derivatives
[15]. The enterohepatic circulation of bile acids is well
known, with about 95% of the primary bile acids being
re-absorbed in the terminal ileum, and a small portion
of the unabsorbed primary bile acids being converted by
bacteria colonizing the caecum into the secondary bile
acids DCA or lithocholic acid (LCA) [16]. Different bile
acid components and their concentrations have been
shown to have different effects on intestinal inflammation
and mucosal permeability [17]. DCA that is more hydro-
phobic has a protective effect on the gut at physiological
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concentrations (e.g.<50 uM), displaying anti-inflamma-
tory and mucosal renewal attributes [18, 19]. Conversely,
high concentrations of DCA have cytotoxic effects [19],
inducing DNA damage in esophageal, intestinal epithe-
lial, or stem cells that leads to carcinogenesis [20, 21], or
DNA damage in intestinal epithelial cells that results in
disruption the intestinal mucosal barrier [22]. According
to previous studies, DNA damage can be sensed by ABL1
[23], a member of the nonreceptor tyrosine kinase SRC
family [24]. DNA damage activates Yes-associated pro-
tein 1 (YAP1), a direct substrate of ABL1 [23, 25], which
is one of the mechanisms of apoptosis in stressed cells
[26, 27]. Abnormal bile acid levels have also been shown
to promote YAP1 activation [18].

YAP1 is a transcriptional coactivator present in cells
and acts as a nuclear transducer of the Hippo pathway
[28]. After activation, YAP1 promotes the transcription
of target genes by binding to transcriptional enhanced
associate domain (TEAD) proteins [28]. It regulates cell
survival, proliferation and stemness, and participates in
the maintenance of metabolic homeostasis and the devel-
opment of diseases [28]. YAP1 plays an important role in
the regulation of liver and intestinal pathophysiology. In
the liver, YAP1 promotes the development of MAFLD,
cirrhosis, and carcinogenesis [29, 30]. In the intestine,
in addition to its proven carcinogenic effects [31], YAP1
also affects intestinal mucosal epithelial barrier function
[32]. ISCs have been reported to be regulated by both
WNT and YAPI signals [33]. The nuclear input of YAP1
plays a key role in the proliferation and differentiation of
ISCs after intestinal injury [34].

Taken together, this raises the possibility that in
chronic exposure to HFD, high concentrations of DCA in
the intestinal cavity persistently activate YAP1 to abnor-
mally regulate ISCs, thereby compromising the terminal
ileal mucosal barrier and triggering hepatic steatosis via
the gut-liver axis. The terminal ileal mucosa, adjacent to
the caecal region, displays a marked increase in intesti-
nal bacteria and may be more susceptible to the initial
high concentrations of DCA, and thus may be the site of
an important intestinal origin of HFD-induced hepatic
steatosis.

Materials and methods

Mice and diets

Male C57BL/6 ] mice, aged 6 weeks and weighing
18-22 g, were obtained from the Animal Experimenta-
tion Centre of the Shanghai General Hospital. After a
week of acclimatisation with a normal diet, the mice were
randomly divided into four groups and fed for 8 consecu-
tive weeks with the following: (i) a control low-fat diet
(LFD) containing 10 kcal% fat, (ii) a high-fat diet (HFD)
containing 60 kcal% fat, (iii) HFD + cholestyramine
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(CHO, a bile acid binder, C4650, MilliporeSigma, Saint
Louis, MO, USA), an HFD mixed with 6% (w/w) CHO,
(iv) an LFD +deoxycholic acid (DCA), LFD+0.2% DCA
(D2510, Sigma—Aldrich, Saint Louis, MO, USA). Yap1"
' mice were provided by Zhang Laboratory (Center for
Excellence in Molecular Cell Science, Shanghai Institute
of Biochemistry and Cell Biology, Chinese Academy of
Sciences, Shanghai, China).The preparation of the mice is
based on previous literature reports [35]. And the Yap1?®
Vil1-Cre mice were purchased from Cyagen Biosciences.
The mice were raised in an SPF environment. After a
week of acclimatisation to a normal diet, they were fed
either an LFD (10 kcal% fat) or HFD (60 kcal% fat) for 8
consecutive weeks. At the end of the 8-week period, the
mice in each group were fasted for 12 h and then euthan-
ised through cervical dislocation. Fresh faeces, plasma,
liver tissues, and terminal ileum tissues were collected
using aseptic equipment and were stored at — 80 °C for
subsequent experiments. Lgr5-EGFP-IRES-CreERT2
mice were abtained from The Jackson Laboratory, USA
(https://www.jax.org/strain/008875#). All the diets were
purchased from Trophic Animal Feed High-Tech Co.,
Ltd., Nantong, China.

Measurement of faecal bile acid concentration

Methanol (400 pL) was added to mouse faeces and thor-
oughly mixed. The samples were ground for 60 s at a
frequency of 55 Hz in a high-throughput tissue grinder;
this process was repeated three times. The samples were
subjected to ultrasonic treatment at room temperature
for 30 min. After centrifugation, the supernatant was
extracted, methanol was added, and the mixture was
vortexed and centrifuged again. The obtained superna-
tant was injected into a liquid chromatograph for separa-
tion, and the separated compounds were analysed using
a mass spectrometer. After adjusting the ion modes and
analytical parameters of the mass spectrometer, a stand-
ard curve was established by measuring the known
concentrations of bile acids, and the concentrations of
different bile acids in the samples were calculated accord-
ing to the regression equation [36, 37].

Histological analysis

Fresh liver and intestinal tissues obtained from mice
were fixed in 4% paraformaldehyde, followed by paraf-
fin embedding and sectioning into 4-pum thickness. Sec-
tions were de-paraffinised, rehydrated, and stained with
haematoxylin and eosin (HE) or Picrosirius red solutions.
Frozen liver tissues stored at — 80 °C were used for cryo-
sectioning and stained with Oil Red O staining solution
(Sigma—Aldrich, USA).
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Periodic acid-Schiff staining

Fresh terminal ileum tissues from mice were fixed in 4%
paraformaldehyde, dehydrated, embedded in paraffin,
followed by sectioning into 4-pm slices. Periodic acid-
Schiff staining was used to quantitatively analyse gob-
let cells in ileal villi. The average number of goblet cells
per villus crypt unit was recorded for each field of view,
with five fields of view selected per sample.

Immunohistochemistry

Human terminal ileal tissues were obtained from
patients who underwent surgery for right colon cancer
(6 NonMAFLD patients and 3 MAFLD patients). The
paraffin-embedded mouse or human ileum tissue sam-
ples were separated into slices (4 um), followed by anti-
gen retrieval and incubation with primary antibodies
against pYAP1 at a dilution of 1:200. A secondary anti-
body was then used, and the slices were subsequently
stained with a 3, 3’-diaminobenzidine solution. Simul-
taneously, counterstaining of the nuclei was performed
with haematoxylin (Beyotime). Finally, the representa-
tional areas were photographed via a light microscope
at the appropriate magnification.

Immunofluorescence

Fresh mouse or human ileal and mouse liver tissues
were fixed in 4% paraformaldehyde for 24 h, embed-
ded in paraffin, and sectioned. Antigen repair was per-
formed after deparaffinisation and rehydration. After
being subjected to a blocking buffer (Beyotime, Nan-
jing, China) for 1 h, tissue sections were incubated
with primary antibodies (YAP1, phosphorylated YAP1
[pYAP1], MUC2, lysozyme [LYZ], K167, F4/80, TGR5)
at 4 °C for 16 h. The primary antibodies used are listed
in Supplementary Table 1. The sections were allowed
to reach room temperature (20-25°C) for 1 h and then
incubated with a secondary antibody (1:200, Yeasen,
China) at 37 °C for 1 h. After washing the slides, they
were incubated with DAPI (Yeasen, Shanghai, China)
for 5 min, coverslipped, and imaged under a fluores-
cence microscope (Leica DMI8, Germany) or Leica
TCS SP8 confocal laser scanning microscope (Leica
TCS NT, Wetzlar, Germany).

ELISA

Mouse liver tissues were retrieved from the — 80 °C
freezer, and 100 mg was excised and added to PBS con-
taining 1% PMSF. The tissues were homogenised through
ultrasonication (30 Hz, 2 min), placed on ice for 1 h, and
centrifuged at 4 °C, 12,000 rpm for 10 min. The concen-
tration of lipopolysaccharide (LPS) in the liver tissue
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was determined using an ELISA kit (Abclonal, Shanghai,
China). The protein concentration was measured using a
BCA kit (Yeason, Shanghai, China).

D-lactate was used as an indicator of intestinal barrier
permeability [38]. D-lactate in mouse serum was meas-
ured according to the instructions of a mouse ELISA kit
(BYabscience, Nanjing, China).

In vitro culture of ileal tissue

Mouse or human ileal tissues were immersed in PBS, lon-
gitudinally opened, and cut into 5 mm fragments, which
were then homogenised and placed in six-well plates
with  DMEM containing 2% penicillin—streptomycin
and amphotericin (Beyotime, Shanghai, China). Intes-
tine tissues from Yap "1 and Yap 1" Vil1-Cre mice were
treated with vehicle (DMSO) or 100 uM DCA (D2510,
Sigma—Aldrich, USA). After 24 h, the total protein was
extracted from the cultured tissue pieces for further anal-
ysis. Tissue samples from the human terminal ileum were
cocultured with vehicle (DMSO), 100 uM DCA (D2510,
Sigma—Aldrich, USA), 100 pM DCA combined with the
YAP1 antibody (1:1000, 14074, CST, USA), or 100 uM
DCA combined with the ABL1 antagonist, Imatinib
(100 uM, MCE, HY-15463), in a cell incubator for 24 h.
The culture medium was replaced every 12 h. Total RNA
was extracted from the cultured tissue samples for fur-
ther analysis [6].

In vitro enteroid culture

The extraction of crypts and the cultivation of enter-
oids were carried out as described in the article [39].
Fresh terminal ileal tissues (4—5 cm) taken from mice or
humans were cut lengthwise into 0.5 cm segments after
soaking in PBS. Pieces of small intestinal tissue were
placed in a centrifuge tube containing cold PBS and gen-
tly shaken to remove mucus from the mucosal surface of
the intestine. After discarding the PBS, 5 mmol/L ethyl-
enediaminetetraacetic acid (EDTA) solution for mice or
40 mmol/L EDTA solution for humans was added to the
tube, and it was then incubated at 4 °C for 1 h. After incu-
bation, the EDTA in the centrifuge tube was discarded.
Cold PBS was then added to the centrifuge tube and vig-
orously shaken. The suspension was filtered through a
70 um filter and centrifuged at 4 ‘C, 1200 rpm for 5 min
(mice) or 3000 rpm for 5 min (human) to obtain the ileal
crypt precipitation. The crypt precipitate was diluted to a
concentration of 200 per 10 pl with PBS buffer. The 20 pl
diluted crypts were mixed with 20 pl matrix gel (356231,
Corning, NY, USA), and the mixture was seeded into a
48-well plate. After fixation in an incubator at 37 °C for
15 min, 200 pl of culture medium (IntestiCult’" Orga-
noid Growth Medium, STEMCELL Technologies, Van-
couver, BC, Canada) was added to each well. The 48-well
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plates were then placed in an incubator. After 24 h,
enteroid formation was observed under a bright-field
microscope. For mice fed different diets for 8 weeks, we
recorded enteroid budding rates at different time points
at 24, 48, 72, and 96 h. In another separate experiment,
we cultured the extracted normal mice or human small
intestinal crypts for 24 h and then added 100 uM DCA
for co-incubation. Finally, the budding rates of enteroids
were recorded at 24, 48 and/or 72-h time points after the
intervention, or immunofluorescence staining of enter-
oids was performed.

Immunofluorescence staining of enteroids

The culture-medium was discarded and then washed
with 200 pl PBS buffer. After discarding the PBS, 100 pl
of 4% paraformaldehyde was added to each well and
fixed for 1 h. The fixation solution was discarded, and
the implantation wells were rinsed with PBS. One hour
after adding the blocking solution (Beyotime, Shanghai,
China) to the wells, primary antibodies (YAP1, pYAPI,
MUC?2, and LYZ) were introduced to the wells and co-
incubated with enteroids at 4 °C overnight. The primary
antibodies used are listed in Supplementary Table 1. The
following day, the enteroids were allowed to equilibrate
to room temperature for 1 h. Subsequently, each well was
rinsed with PBS buffer and then incubated with second-
ary antibodies (34206ES60, 1:200, Yeasen, China) at 37 °C
for 1 h. Following the removal of the secondary anti-
bodies and a wash with PBS buffer, the enteroids were
incubated with DAPI (Yeasen, Shanghai, China). Finally,
images were captured using a fluorescence microscope.

Intervention of HT-29 cell line

HT-29 cell lines (CLO118, Pricella, China) were cocul-
tured with vehicle (DMSO), DCA (100 puM, D2510,
Sigma—-Aldrich), or DCA combined with ABL1 antago-
nist, Imatinib (100 uM, MCE, HY-15463) in a cell incu-
bator. A pre-experiment was conducted to determine
the optimal time point for DCA treatment, and 15 min
was identified as a suitable time point for intervention.
Imatinib was added 2 h before DCA intervention. Protein
and RNA were collected from the cultured HT-29 cells
for further study.

RNA Extraction and RT-qPCR

Total RNA was extracted from the ileum and liver tissues
of mice and humans using the TRIzol reagent (Takara,
Shiga, Japan), with 1 ml added per 50 mg of tissue. The
tissues were ground in a high-throughput tissue grinder
at 70 Hz for 30 s, which was repeated twice. Chloroform
was added to the mixture, and the aqueous phase was
collected after centrifugation. Isopropanol was added to
precipitate the RNA, and the supernatant was removed
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after centrifugation. RNA was washed with 75% ethanol,
centrifuged again, and the precipitate was dissolved in
distilled water for concentration measurements. A total
of 1000 ng RNA was reverse-transcribed into cDNA
using the HyperScript III RT SuperMix kit (EnzyArtisan,
Shanghai, China). The target primers were then quanti-
fied through real-time qPCR analysis using Universal
SYBR qPCR Mix kit (EnzyArtisan, Shanghai, China) in a
10 pL reaction system. The primer sequences are listed
in Supplementary Table 2. The relative expression levels
of the target genes were normalised against GAPDH and
quantified using 274" method.

Western Blot analysis

Proteins from mouse ileal tissues were lysed using RIPA
lysis buffer (EpiZyme, Shanghai, China) containing pro-
tease and phosphatase inhibitors (Beyotime, Nanjing,
China). The tissues were ground in a high-throughput tis-
sue grinder at 70 Hz for 60 s, which was repeated twice.
The resulting solution was placed on ice for 1 h and then
centrifuged at 4 °C at 12,000 rpm for 15 min to collect
the supernatant. The protein supernatant was mixed
with 5XSDS sample buffer (EpiZyme, Shanghai, China)
at a 4:1 ratio, heated at 100 °C for 10 min, and stored at
— 80 °C. Equal amounts of protein were electrophoresed
in a 7.5% SDS-PAGE gel and transferred to PVDF mem-
branes (Millipore, Tullagreen, Ireland). Five percent non-
fat milk or quick blocking solution (EpiZyme, Shanghai,
China) was used to block nonspecific epitopes on the
membrane. After incubation overnight with primary
antibodies (YAP1, pYAP1, ABL1, phosphorylated ABL1
[PABL1], Leucine-rich repeat-containing G protein-
coupled receptor 5 [LGR5], Cytokeratin 18 [KRT18],
ACTIN) at 4 °C, the protein was incubated with enzyme-
labelled goat anti-rabbit antibody (1:100,000, Jackson
ImmunoResearch, Baltimore, MD, USA) at room tem-
perature for 1 h the following day. The target bands were
observed using ECL chemiluminescence and quantita-
tively analysed using Image] software. The primary anti-
bodies used in this study are listed in Supplementary
Table 1.

16S rDNA sequencing of faecal microbiota

DNA was isolated and extracted from faecal specimens of
mice. Amplification and sequencing of the V3-V4 region
of the 16S rDNA gene were conducted by the Genede-
novo company (International Biological Island, Huangpu
District, Guangzhou, China).

Statistical analysis

Data are expressed as mean + SEM. Significant differences
in the data were analysed using GraphPad Prism 9.0.
One-way ANOVA was used to compare the differences
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between multiple groups, and the unpaired t-test was
used to compare the differences between two groups that
conformed to a normal distribution. The Mann—Whitney
U test was used to compare two groups that did not con-
form to a normal distribution. Metabolomic data were
analysed using the R software (version 3.5) and SIMCA-P
14.1 (Umetrics, Umed, Sweden). Differences were consid-
ered statistically significant at p<0.05.

Results

Intestinal YAP1 is elevated in HFD-fed mice and MAFLD
patients

To understand the role of intestinal YAP1 in MAFLD,
immunofluorescence and immunohistochemistry were
used to detect the expression of phosphorylated YAP1Y3%’
(pYAP1) in the terminal ileum of MAFLD patients. Simi-
lar to the previous morphological observations of YAP1
[32, 33], the result of this study revealed that pYAP1 is
mainly located in the crypts where ISCs reside, and com-
pared to NonMAFLD patients, the expression of pYAP1
was upregulated in MAFLD patients (Fig. 1A-D). At the
gene level, downstream target genes of YAP1, including
Ctgf and Cyr61, were upregulated in MAFLD patients
compared with those in NonMAFLD patients (Fig. 1E).
To further validate these findings, we examined pYAP1
and its target genes in terminal ileum specimens from
mice. Similarly, compared with LED group, immunoflu-
orescence showed that pYAP1 positive cells at the bot-
tom of small intestine crypt of HFD mice were increased
(Fig. 1F, G); Immunohistochemical study further con-
firmed that the number of pYAP1 positive nucleus at the
bottom of small intestine crypt of HFD mice were signifi-
cantly increased (Fig. 1H, I). The expressions of Ctgf and
Cyr61, downstream target genes of YAP1, were also sig-
nificantly increased in HFD mice (Fig. 1J). These results
suggest that intestinal YAP1 is activated in HFD mice and
MAFLD patients.

An intestinal YAP1 knockout improves hepatic
inflammation and steatosis in the HFD-fed mice

To investigate the role of intestinal YAP1 in hepatic
inflammation and hepatic steatosis, YAP1 was knocked
out in the murine intestine. The results revealed that
YAP1 was expressed at the base of the crypt where ISCs
were located in the Yap1"1 mice, which is consistent with
the findings of previous studies (Fig. 2A). YAP1 expres-
sion was not detected in the intestinal epithelium of
the Yap1"? Vill-Cre mice. The YAP1 knockout did not
affect the body weight of the HFD-fed mice (Fig. 2B).
In mice fed an HFD, the YAP1 knockout decreased the
LPS content as well as the mRNA expression levels of
the inflammation-related genes (IL-1f and TNF-a) in the
liver (Fig. 2C and D). Hematoxylin eosin staining and Oil
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of immunofluorescence staining for F4/80 in the liver tissues of the Yap 17 and Yap 1" Vil1-Cre mice. Scale bars: 100 um. I Quantitative analysis
of the data in H (n=6). LFD, low-fat diet; HFD, high-fat diet. *P <0.05, **P <0.01, ***P < 0.001, ns: not significant
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Red O staining of the liver tissue revealed that the YAP1
knockout reduced the lipid droplet content (Fig. 2E-G),
and immunostaining revealed that the YAP1 knockout
downregulated liver F4/80 expression in the livers of
mice fed an HFD (Fig. 2H and I). These results suggest
that knocking out YAP1 in the intestinal epithelial cells
reduces LPS accumulation, inflammation, and lipid drop-
let deposition in the livers of mice.

An intestinal YAP1 knockout improves intestinal
inflammation and dysbiosis in the HFD-fed mice

We evaluated the effects of YAP1 on intestinal inflam-
mation and the microbiota in the HFD-fed mice. First,
the results of quantitative reverse transcriptase—poly-
merase chain reaction assay revealed that an intestinal
YAP1 knockout downregulated the expression of genes
associated with intestinal inflammation (IL-1f and TNF-
a) in HFD-fed mice (Fig. 3A). The damage to the ileum
mucosa and the shedding of intestinal villi were signifi-
cantly improved in the Yap1%® Vil1-Cre mice compared
to Yap1"™ mice fed an HED (Fig. 3B). Sequencing analy-
sis of the gut microbiota revealed that the faecal bacte-
rial community composition of the HFD-fed mice was
altered by the YAP1 knockout. In the HFD-fed mice, the
relative abundance of Firmicutes was significantly greater,
and that of Verrucomicrobia was significantly lower, in
the Yap1"" Vill-Cre mice than in the Yap1?® mice fed
an HFD. (Fig. 3C and D). Interestingly, we found that the
knocking out YAPI increased the relative abundance of
Gram-positive bacteria, and decreased the abundance of
Gram-negative bacteria (specifically Verrucomicrobia) in
mice fed HFD (Fig. 3E). Similar findings were observed at
the family level in the Yap1?® mice and Yap 1% Vil1-Cre
mice fed an HED (Fig. 3F and G). Further functional anal-
ysis via Bugbase revealed a significant increase in aero-
bic and Gram-negative bacteria in the Yap1"% mice fed
an HFD, which could be reversed by a Yap!I gene knock-
out in the intestine (Fig. 3H). Predictive analysis of func-
tional pathways based on PICRUSt2 revealed significant
changes in functional pathways by a YapI gene knockout,
such as lipid metabolism (Fig. 3I, J). These results sug-
gest that a YAP1 knockout in intestinal epithelial cells
improves intestinal inflammation and the faecal bacterial
community composition in HFD-fed mice.

An intestinal YAP1 knockout improves ISC differentiation
dysfunction induced by an HFD

We evaluated the effects of YAP1 on ISC differentia-
tion in HFD-fed mice. The results revealed that knock-
ing out YAP1 significantly increased the mRNA levels of
the loci involved in goblet cell functions (Muc2, Fcgbp
and Clcal) and those related to Paneth cell functions
(Defa5) in the intestines of HFD-fed mice (Fig. 4A).

Page 8 of 21

Immunofluorescence staining or periodic acid—Schiff
(PAS) staining revealed that knocking out YAP1 in HFD-
fed mice increased the number of goblet and Paneth cells
(Fig. 4B-E). At 96 h of culture, the ileal enteroid bud-
ding rate of the YapI?® mice was significantly lower in
the HFD-fed group than in the LFD-fed group; however,
this reduction in the budding rate induced by the HFD
could be reversed by a YAP1 knockout, suggesting that
YAP1 regulates the differentiation of ISCs during high-
fat feeding (Fig. 4F—-H). Moreover, detection of the intes-
tinal tight junction barrier indicators TjpI and Occludin
revealed that the YAP1 knockout disrupted the intestinal
tight junction barrier (Supplementary Fig. 1A). These
results suggest that YAP1 downregulates the differen-
tiation of ISCs into goblet and Paneth cells in HFD-fed
mice.

High concentrations of DCA induced by an HFD activate
intestinal YAP1 signalling

The GTEx database revealed a positive correlation
between the G Protein-coupled bile acid receptor,
GPBARI (TGRS5) and YAPI, as well as its target genes
CTGF, and CYR61 (Fig. 5A). The immunofluorescence
images captured by confocal microscopy revealed that
the membrane receptor TGR5 of bile acids was expressed
in the LGR5-positive cells at the base of the ileal crypts
(Fig. 5B).

We quantified bile acid fractions in HFD-fed mice
for 8 weeks. Bile acid-targeted metabolomics was used
to analyse the bile acid composition of mouse faeces.
Orthogonal partial least squares discriminant analy-
sis (OPLS-DA) revealed a good separation between the
LFD and the HFD groups, which was caused by the vari-
able importance of projection (VIP, value>1) of more
than a dozen bile acids such as UCA, TCDCA, and DCA
(Fig. 5C and D). Faecal total bile acids, especially DCA,
alpha-MCA, and TCA, were significantly greater in the
HED group than in the LED group (Fig. 5E). DCA is a
potent TGR5 agonist. These data suggest that 8 weeks of
high-fat feeding rapidly altered the composition of bile
acids and significantly elevated the DCA concentrations.

To further investigate the role of DCA in HFD-induced
hepatic steatosis, we orally administered either cholesty-
lamine (CHO, a bile acid binder) to mice fed an HFD, or
administered DCA orally to LFD-fed mice. Compared
with LFD, the DCA supplementation increased the fae-
cal DCA concentration (Fig. 5F). Compared with the
HEFD group, the concurrent oral feeding with CHO sig-
nificantly reduced the concentration of DCA in the fae-
ces (Fig. 5F). Abnormal bile acid levels have been shown
to promote YAP1 activation [18]. CHO downregulated
the mRNA levels of genes downstream of YAP1 (Ctgfand
Cyr61) in the intestines of the HFD-fed mice, whereas
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Fig. 3 Anintestinal YAP1 knockout improves intestinal inflammation and dysbiosis in the HFD-fed mice. A The mRNA expression of IL-18, IL-6

and TNF-ain Yap 1" and yap1"Vil1-Cre mice ileum tissue (n=5). B Representative micrographs of H&E staining of ileal tissues from the Yap1”
fland Yap 177 Vil1-Cre mice. Scale bars: 100 um. C Principal coordinate analysis illustrates the characteristics of the changes in the gut microbiota
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at the phylum level in Yap1"® and Yap 1" Vil1-Cre mice (n=7). E Proportion of Gram-negative and Gram-positive bacteria in the gut microbiota
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DCA supplementation upregulated the expression of Ctgf  for 24 h (Fig. 5H). A significant increase in the number
and Cyr61 in the LFD-fed mice (Fig. 5G). In vitro stud-  of pYAP1" cells was further confirmed in human ileal
ies revealed that the expression of the YAP1 downstream  enteroids cocultured with DCA for 72 h (Fig. 5I and J).
genes (CTGF and CYR61) was significantly increased However, DCA had no effect on YAP1 expression in the
in human ileal tissues cocultured with 100 uM DCA  mouse ileal enteroids (Supplementary Fig. 2A and B).
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Fig. 5 High concentrations of DCA activate intestinal YAP1 signaling. A Correlation analysis of TGR5 with YAPT and its target genes in the human
intestine using data from the GTEx database. B Representative micrographs of immunofluorescence staining for LGR5 and TGR5 showed
colocalization. Scale bars: 20 pm. € Orthogonal partial least squares discriminant analysis (OPLS-DA) of faecal bile acid in LFD and HFD groups. D
Variable importance in the projection (VIP) value (red: VIP > 1). E Faecal individual bile acid concentration in LFD and HFD groups (n=5). F Faecal
DCA concentrations in LFD, HFD, HFD+CHO, and LFD 4+ DCA groups (n=5). G The mRNA expression levels of Ctgf and Cyr61 in mouse ileum
tissue (n=5). H The mMRNA expression levels of CTGF, and CYR67 in human ileum tissue treated with 100 uM DCA for 24 h (n=5). | Representative
micrographs of immunofluorescence staining for pYAP1 in human ileal enteroids treated with or without 100 pM DCA. Scale bars: 100 um. J
Quantitative analysis of | (n=4). DCA, deoxycholic acid; LFD, low-fat diet; HFD, high-fat diet; CHO, cholestyramine. *P < 0.05, **P < 0.01, ***P <0.001

These results suggest that high concentrations of DCA  High concentrations of DCA impair the differentiation
induced by an HED are key factors in activating the YAP1  functions of ISCs
pathway in ISCs. To probe the mechanism by which an HFD affects the
intestinal barrier via DCA, we examined the relevant
indicators of ISC differentiation and proliferation.
Compared with those in the LFD group, the mRNA
levels of Atohl, Elf3, and Gfil, the key factors involved
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in ISC differentiation into goblet cells, and Sox9, the key
factor involved in ISC differentiation into Paneth cells,
were significantly downregulated by high-fat feeding, and
concurrent oral feeding with the bile acid binder CHO
partially reversed these changes. Compared with LFD
supplementation, DCA supplementation downregulated
the mRNA levels of Atohl, Gfil and Sox9 in the ISCs of
the LFD- and DCA-fed mice (Fig. 6A). Representative
micrographs of intestinal enteroids in the four groups
(LFD, HFD, HFD+ CHO, and LFD+DCA) after 96 h of
culture are shown in Fig. 6B. At both the 72-h and 96-h
culture time points, the rate of ileal enteroid budding
was significantly lower in the HFD-fed group than in the
LED group, and supplementation of the HFD with CHO
prevented this decrease (Fig. 6C and D). Compared with
LED alone, LED with DCA significantly reduced the bud-
ding rate of ileal enteroids in these mice at 48, 72, and
96 h (Fig. 6C and D). Immunofluorescence staining and
periodic acid—Schiff (PAS) staining revealed that high-
fat feeding or DCA supplementation downregulated the
number of goblet and lysozyme* Paneth cells compared
with those in the LFD group, while CHO administra-
tion reversed these changes (Supplementary Fig. 3A-F).
The mRNA levels of the Muc2, Fcgbp and Clcal loci
related to goblet cell function were significantly lower
in the intestines of the HFD group than in those of the
LED group, and concurrent feeding with CHO partially
reversed these changes. The addition of DCA to the LED
decreased the mRNA levels of Muc2, Fcgbp and Clcal in
the intestines of the LFD mice (Supplementary Fig. 3G).
The gene expression levels of Defa5 and Lyz, which are
related to Paneth cell function, were significantly lower
in the intestines of the HFD-fed mice than in those of
the LFD-fed mice, and cofeeding with CHO partially
reversed these changes. Compared with the LFD supple-
mentation, DCA supplementation of LFD downregulated

(See figure on next page.)
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the mRNA levels of Defa5 and Lyz in the intestines of
these mice (Supplementary Fig. 3H). These results sug-
gest that DCA induced by high-fat feeding reduces the
ability of ISCs to differentiate into goblet and Paneth
cells.

To provide direct evidence that DCA induces damage
in ISCs, we incubated intestinal enteroids from mice or
humans with DCA (100 uM), and the results revealed a
decrease in the budding rate of these enteroids at differ-
ent time points (Fig. 6E—]). Immunofluorescence stain-
ing revealed that the expression of MUC2 and lysozyme
in the terminal ileal enteroids of both mice and humans
was significantly reduced by coculture with DCA
(Fig. 6K-R). Cytokeratin 18 (KRT18) is a marker of gob-
let cells and the loss of KRT18 can cause a breakdown
of the keratin cytoskeleton [40]. In vitro tissue culture
experiments revealed that DCA downregulated KRT18
protein expression in the terminal ileum of the YapI"
f mice; however, no such decrease was detected in the
Yap1?® Vill-Cre mice (Fig. 6S). These results suggest
that DCA impairs the differentiation of ISCs. In vitro
studies revealed that the mRNA levels of MUC2, LYZ,
and DEFAS in human ileum tissues were significantly
reduced after 24 h of coculture with DCA, and these
changes were partially reversed by preadministration of
an anti-YAP1 antibody (Fig. 6T). These findings provide
direct evidence that YAP1 is involved in the regulatory
effect of DCA on ISCs.

Additional studies have confirmed the effect of DCA
on ISC proliferation. Compared with the LFD group,
the HFD group presented upregulated expression of
LGR5 and KI67 in the ileum; the addition of oral bile
acid binder CHO reversed this changes. Compared
with the LFD group, the addition of DCA increased
the expression of LGR5 and KI67 in the ileum of the
mice (Supplementary Fig. 4A-D). Interestingly, DCA

Fig. 6 High concentrations of DCA inhibit the ISC differentiation into goblet and Paneth cells, which is prevented by YAP1 antibody. A The mRNA
expression levels of Atoh1, Elf3, Gfil and Sox9 in mouse ileum tissue (n=3 or 5). B Representative micrographs of intestinal enteroids in four

groups after 96 h of culture in mice. Scale bars: 200 um. C Line graph of changes in enteroids budding rates at 24, 48, 72 and 96 h (n=3-6).D
Comparison of enteroids budding rates at 24, 48, 72 and 96 h (n=3-6). E Representative micrographs of mouse intestinal enteroids treated

with or without DCA. Scale bars: 200 um. F Line graph of changes in enteroids budding rates after DCA intervention with 24,48 h (n=5). G
Comparison of enteroids budding rates after DCA intervention with 24, 48 h (n=5). H Representative micrographs of human intestinal enteroids
treated with or without DCA. Scale bars: 100 um. I Line graph of changes in human enteroids budding rates after DCA intervention with 24, 48
and 72 h (n=5). J Comparison of human enteroids budding rates after DCA intervention with 24, 48 and 72 h (n=5). K Representative micrographs
of immunofluorescence staining for MUC2 in mouse intestinal enteroids. Scale bars: 200 um. L Quantitative analysis of K (n=4). M Representative
micrographs of immunofluorescence staining for lysozyme in mouse intestinal enteroids. Scale bars: 200 um. N Quantitative analysis of M (n=4). O
Representative micrographs of immunofluorescence staining for MUC2 in human intestinal enteroids. Scale bars: 100 um. P Quantitative analysis
of O (n=4). Q Representative micrographs of immunofluorescence staining for lysozyme in human intestinal enteroids. Scale bars: 100 um. R

Quantitative analysis of Q (n=4). S Protein expression of goblet cell marker KRT18 in the terminal ileum of Yap1

U mice and Yap 1" Vil1-Cre mice

after 24 h coculture with 100 uM DCA or DMSO (n=5 or 3). T In vitro culture of human ileal tissue, the mRNA levels of MUC2, LYZ, and DEFAS
were assessed in human ileum tissue with various treatments (n=3 or 4). DCA, deoxycholic acid; LFD, low-fat diet; HFD, high-fat diet; CHO,

cholestyramine. *P <0.05, **P <0.01, ***P <0.001
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increased the diameter of the human intestinal enter-
oids (Supplementary Fig. 4E and F). These results sug-
gest that DCA is involved in the abnormal proliferation
of ISCs.

High concentrations of DCA cause hepatic inflammation
and steatosis through the gut-liver axis

We studied the role of DCA in HFD-induced hepatic ste-
atosis by varying the concentration of DCA in the intes-
tine via supplementation with DCA and CHO. Mouse
body weight was greater in the HFD group than in the
LED group; oral CHO reversed this change. Compared
with LFD, the addition of DCA reduced the weight of
the mice (Supplementary Fig. 5A and B). CHO down-
regulated the mRNA levels of inflammation-related
genes, such as IL-15, IL-6, and TNF-a, in the terminal
ileum of the HFD-fed mice. Compared with LFD alone,
DCA supplementation upregulated the expression of
inflammation-related genes such as IL-1f, IL-6, and TNF-
a in the terminal ileum of the LFD-fed mice (Fig. 7A).
These results suggest that bile acids, especially DCA,
play important roles in HFD-induced hepatic steato-
sis. Enzyme-linked immunosorbent assays revealed sig-
nificant increases in the D-lactate content in the serum
and the lipopolysaccharide (LPS) content in the livers
of HFD-fed mice, and these increases were prevented
by cofeeding with CHO. Compared with a LFD alone,
DCA supplementation increased the content of D-lactate
in the serum and LPS in the livers of the LFD-fed mice
(Fig. 7B). It is well known that LPS is derived from intes-
tinal Gram-negative bacteria, suggesting that LPS may
be an important substance associated with the gut-liver
axis. Changes in the levels of IL-1B, IL-6, and TNF-a in
the terminal ileum of four groups of mice (LFD, HED,
HFD + CHO, LFD + DCA) were also observed in the liver,
suggesting a possible link to the gut-liver axis (Fig. 7C). In
addition, haematoxylin—eosin (HE) staining revealed sig-
nificant inflammatory infiltrates in the livers of the HFD-
fed mice, and these infiltrates were markedly improved
by concurrent CHO feeding. LFD supplementation with
DCA resulted in a significant inflammatory infiltrate in
the livers of these mice compared with those in the LFD
group (Fig. 7D). Picrosirius red (PSR) histochemical
staining revealed that DCA significantly increased colla-
gen deposition in the mouse liver. Oil red histochemical
staining revealed that CHO reduced the content of lipid
droplets in the livers of the HFD-induced mice (p=0.13).
LED supplementation with DCA increased the content
of the lipid droplets in the livers of these mice compared
with those in the LFD group (p=0.07) (Fig. 7D and E).
Notably, a dietary DCA treatment decreased the levels of
hepatic Yap1 or its target genes (Supplementary Fig. 5C).
These results indicate that an HFD may impair intestinal
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barrier function and increase the abundance of Gram-
negative bacteria through DCA, thereby increasing LPS
accumulation in the liver, leading to inflammation and
steatosis.

DCA regulates YAP1 signalling through ABL1

Furthermore, we investigated how DCA activates YAP1
and impairs the differentiation function of ISCs. As men-
tioned earlier, high concentrations of DCA can cause
DNA damage [19]. According to previous studies, DNA
damage can be sensed by ABL1 [23], and YAP1 is one of
the substrates of ABL1 [23, 25]. Therefore, we hypothe-
sized that DCA promotes YAP1 phosphorylation by acti-
vating ABL1. We found that CHO decreased the mRNA
levels of DNA damage-related genes (Parpl and Cas-
pase3) and a YAP1 upstream-related gene (AblI) in the
ileums of the HFD-fed mice (Fig. 8A). Compared with a
LFD alone, DCA supplementation increased the mRNA
levels of Parpl, Caspase3, and Abl1 in the ileums of LFD
mice compared to those in the LFD-fed group (Fig. 8A).
In addition, the expression of PARP1 and ABLI was sig-
nificantly increased in human ileal tissues cocultured
with DCA for 24 h (Fig. 8B). In addition, the increased
expression of ABLI, YAPI, and its downstream CTGF,
and CYR61 genes induced by the administration of DCA
was reversed by the ABL1 antagonist Imatinib in the
in vitro coculture with human distal ileal tissue (Fig. 8C).
In HT-29 cells, coculture with DCA changed the phos-
phorylation of YAP1 and ABL1 in a time-dependent
manner (Supplementary Fig. 2C and D), and the phos-
phorylation levels of both were significantly increased
after just 15 min (Fig. 8D and E). Moreover, DCA upreg-
ulated the expression of CYR61, the target gene of YAPI,
and the phosphorylation of the YAP1 protein, which was
reversed by treatment with an ABL1 antagonist (Fig. 8F—
H). These results suggest that DCA regulates YAP1 phos-
phorylation through ABLI.

Discussion

This study confirmed that the induction of high intesti-
nal DCA levels by chronic HFD consumption activated
the ABL1-YAP1 signalling pathway, impaired the differ-
entiation of ISCs into goblet and Paneth cells, resulting
in intestinal barrier function dysfunction, enrichment
of intestinal Gram-negative bacteria and excessive accu-
mulation of bacterial metabolite LPS in the livers, which
may be an important enterogenic mechanism of hepatic
steatosis.

The chronic low-grade inflammatory state prevailing
in patients with MAFLD may be due to an invasion by
intestinal pathogens. There are significant differences
in the composition and abundance of gut microbiota
between MAFLD patients and healthy people [41-43].
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Patients with MAFLD presented reduced gut microbi-
ota diversity, accompanied by an decreased proportion
of beneficial bacteria, and an increased abundance of
harmful bacteria such as the enrichment of some Gram-
negative bacteria [44, 45]. Overgrowth of intestinal bac-
teria has been reported in 50% of patients with MAFLD,
with significantly elevated levels of endotoxins, LPS, and
inflammatory markers associated with the histological
progression of liver injury, along with increased intesti-
nal permeability [46]. Exposure to an HFD is an impor-
tant cause of MAFLD. Similar to the results of Shen et al.
[47], we found in the present study that high-fat feed-
ing for 8 weeks resulted in an increase in hepatic stea-
tosis in mice, accompanied by the upregulation of liver
inflammatory factors and the accumulation of LPS. The
increased LPS load in the liver is caused by an increase
in the number of LPS-producing bacteria in the gut. This
study demonstrated the enrichment of Gram-negative
bacteria in the terminal ileum of HFD-fed mice, accom-
panied by a decrease in the number and function of gob-
let cells that maintain the intestinal epithelial mucosal
barrier and Paneth cells that maintain the immune bar-
rier. Moreover, we found that the intestinal YAP1 signal-
ling pathway was significantly activated into the nucleus
in the HFD-fed mice compared with the LFD-fed mice,
and the upregulation of YAP1 signalling was also found
in the terminal ileum specimens from patients with
MAFLD.

To validate the regulatory role of YAP1 in intestinal
mucosal barrier function, we constructed Yapl gene
knockout mice, in which the gene deletion was targeted
to the intestinal epithelium. Our in vivo experiments
revealed that YAP1 knockout significantly reduced HFD-
induced liver inflammation and LPS accumulation, also
alleviated hepatic steatosis. This exciting new finding
suggests that intestinal YAP1 could be a potential target
for intervening in the development of hepatic steatosis
through the gut-liver axis, which appears to play a criti-
cal regulatory role. At the intestinal level, knocking out
YAP1 not only alleviated HFD-induced gut inflamma-
tion, but also altered the composition and function of the
gut microbiota: At the phylum level, the HFD-induced
decrease in Firmicutes and Bacteroidetes, along with the
increases in Verrucobacteria and Proteobacteria, was
reversed. At the family level, the elevated abundance of
Akkmansiaceae and Enterobacteriacea caused by an HFD
was also reversed, indicating improved enrichment of
Gram-negative bacteria and a subsequent reduction in
hepatic LPS accumulation. Additionally, the analysis of
bacterial metabolic functions revealed a trend toward
reversing the decline in lipid metabolism caused by an
HEFD. The above evidence from gut-liver axis supports the
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notion that targeting intestinal epithelial YAP1 knockout
can mitigate hepatic inflammation and steatosis.

Similar to the previous finding [32, 33], we also con-
firmed that intestinal epithelial YAP1 is predominantly
expressed in ISCs located in the crypts. In this study,
a YAP1 knockout improved HFD-induced damage to
goblet and Paneth cells, as well as the proliferation and
differentiation function of ISCs [48]. The YAP1-TEAD
transcription factor complex has been reported to be
a key downstream effector of WNT signalling in the
gut [32]. In physiological homeostasis, the regulation of
LGR5* ISC function is driven by WNT signalling [33],
and the YAP1 protein expressed in LGR5" ISCs is inhib-
ited by upstream Hippo signalling under high WNT
activity, preventing the uncontrolled overgrowth of intes-
tinal crypt cells [49]. In the case of intestinal injury, YAP1
expressed in ISCs is activated and translocated into the
nucleus to increase ISC proliferation and reduce ISC dif-
ferentiation into the goblet and Paneth cells by inhibiting
the nuclear translocation of B-CATENIN, downstream
of the WNT signalling pathway [49]. A previous study
revealed that the upregulation of YAPI, through the
elimination of the Lipolysis-stimulated lipoprotein recep-
tor in ISCs, can inhibit Paneth cell differentiation, thereby
altering the composition of the intestinal flora [50]. We
found that a YAP1 knockout significantly modified the
HFD-induced intestinal flora structure, which may be
attributed to the effect of YAP1 on the differentiation of
ISCs into Paneth cells. In animal models of dextran sul-
fate sodium-induced enteritis and radiation-induced
acute, short-term intestinal injury, YAP1 was found to
play an active role in promoting intestinal mucosal repair
and regeneration [33, 49]. In vitro studies by Giovanni’s
team [18] revealed that an agonist of TGR5 promoted the
regeneration of LGR5" cells and enteroid growth by acti-
vating YAP1 and its upstream regulator, the proto-onco-
gene tyrosine-protein kinase SRC. The GTEx database
revealed a positive correlation between TGRS and YAPI
in normal human ileums, suggesting that bile acids in the
intestinal cavity may regulate intestinal YAP1. However,
abnormal acute activation and long-term chronic activa-
tion of bile acid signalling have been shown to be harmful
[19]. For gastrointestinal mucosa exposed to high con-
centrations of DCA derived from chronic HFD consump-
tion, previous studies have shown an impairment of the
intestinal barrier function, chronic low-grade inflamma-
tion, and the consequent expansion of cancer cells with
epithelial stem cell properties [20, 21]. What role does
bile acid play in the regulation of YAP1 in ISCs during
this pathological process?

Alteration in the bile acid pool and its metabolism have
been reported in patients with MAFLD [13-15]. Simi-
lar to the results of previous studies [6, 12, 51], our data
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also revealed that high-fat or DCA feeding for 8 weeks
changed the composition of the intestinal bile acid pool
and induced the production of more hydrophobic sec-
ondary bile acid, namely DCA. Bernstein et al. [11] have
reported that high-fat intake led to colonic mucosal expo-
sure to DCA concentrations ranging from 0.07-0.73 mM.
High concentrations of DCA have been reported to
induce oxidative stress in ISCs, causing DNA damage
and inducing apoptosis, thereby disrupting the intesti-
nal mucosal barrier [19, 22]. In this study, we found that
a DCA diet mimicked HFD-induced hepatic steatosis,
which was accompanied by increased hepatic LPS lev-
els and intestinal inflammation. Moreover, we observed
that 8 weeks of DCA feeding, significantly increased the
expression of YAP1 downstream functional genes Ctgf
and Cyr61 in the intestinal tissue of mice. But surpris-
ingly, DCA feeding reduced the expression of Ctgf and
Cyr61 at the gene level in liver tissue of mice. Previous
studies have indicated that the activation of YAP1 signal-
ling in hepatocytes is often associated with the develop-
ment of steatosis and steatohepatitis [52, 53]. Therefore,
we speculated that the direct effect of DCA on liver tissue
may not play a decisive role in the onset of hepatic steato-
sis. In in vitro studies, significant upregulation of CTGF
and CYR61 was observed in human terminal ileal tissues
cultured with 100 uM DCA for 24 h. The results revealed
that high concentrations of DCA were involved in the
adverse regulation of the gut-liver axis during high-fat
feeding through YAP1 signalling.

The normal function of ISCs is based on maintaining
intestinal barrier homeostasis as well as regeneration and
repair after intestinal mucosal injury [5]. We observed
that exposure to an HFD or DCA supplementation for
8 weeks abnormally enhanced the proliferative function
of ISCs, while reducing the differentiation of ISCs into
goblet and Paneth cells that make up the intestinal epi-
thelial barrier. Notably, supplementation of an HFD with
CHO reversed the abovementioned changes induced by
high-fat feeding. We also found that the budding rates
of ileal enteroids in the HFD-fed and DCA-fed mice
were significantly lower than that in the LFD-fed mice,
and supplementation of an HFD with CHO reversed the
decline in the budding rate induced by the HFD. Knock-
ing out the Yapl gene increased the germination rate
of ileal enteroids in the HFD-fed mice, and reversed
the inhibitory effect of an HFD on ISC differentiation.
In vitro coculture experiments with mouse or human ter-
minal ileal enteroids demonstrated that DCA decreased
the budding rate of ileal enteroids and the numbers of
goblet and Paneth cells. However, a YAP1 knockout
targeting the intestinal epithelium or the use of YAP1
inhibitors eliminated inhibition effects of DCA on intes-
tinal goblet and Paneth cells. Our data revealed that DCA
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induced by high-fat feeding was involved in dysregulating
the differentiation of intestinal LGR5" ISCs into goblet
and Paneth cells, whereas YAP1 may be involved in the
regulation of ISCs by DCA.

In a preliminary study of the regulatory mechanisms
of YAP1 induced by high concentrations of DCA, we
observed that after 8 weeks of exposure to an HFD
or DCA, the activation of intestinal YAP1 signalling
was accompanied by increased expression of Parpl
(a marker of DNA damage) and Abl1 (a sensor that
responds to DNA damage). High DCA concentrations
can cause DNA damage by inducing the generation of
reactive oxygen species [19, 20, 22]. ABL1 is a member
of the SRC family of nonreceptor tyrosine kinases. The
YAPI1 protein is a direct substrate of ABL1, and endog-
enous or recombinant ABL1 can increase the tyrosine
phosphorylation of YAP1 at Y357, and increase its sta-
bility and activity [23, 25]. In vitro studies using human
ileal tissue and cell line cultures directly confirmed that
100 pM DCA induced DNA damage and enhanced the
expression of PARPI and ABL1. Human cell line culture
also revealed that DCA promoted the phosphorylation
of YAP1Y%*7 in a time-dependent manner, accompanied
by increased ABL1 phosphorylation. To determine the
regulatory role of ABL1 on YAP1, we used the selective
ABL1 kinase inhibitor Imatinib in our in vitro stud-
ies. Beyond its well-documented antitumor effects [54,
55], Imatinib has been reported to slow the progression
of hepatic steatosis and fibrosis [56, 57]. In vivo and
in vitro studies by AlAsfoor et al. demonstrated that
Imatinib reduced pro-inflammatory markers in mouse
macrophages and human monocytes and downregu-
lated the gene expression of the SREBP transcription
factor, known for activating the lipogenic transcription
program, thereby improving liver steatosis in obese
mice [56]. Similarly, the results of Kim et al. ’s study
revealed that the stimulation of overnutrition can pro-
mote the phosphorylation of PPARy2 through ABL1
kinase, enhancing its interaction with MLL4, contribut-
ing to hepatic steatosis in mice, which can be improved
by Imatinib [58]. In this study, using in vitro models of
human distal ileum tissue and the HT-29 cell line, we
observed that Imatinib reversed DCA-induced upregu-
lation of the YAP1 signalling pathway. Our results sug-
gest that ABL1 is involved in the upstream regulation
of YAP1 by DCA in the gut. Future studies are needed
to knockout AblI gene in the intestinal epithelium of
mice or administering Imatinib in vivo to confirm the
involvement of ABL1 in the regulation of YAP1Y3*’
phosphorylation by DCA, as well as to clarify the selec-
tivity and specificity of ABL1 inhibition sites.

Our study has several limitations. The current study
revealed that high concentrations of DCA induced by
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Fig. 9 A schematic depicting the mechanism involving HFD-mediated in

steatosis via ABL1—YAP pathway

high-fat feeding led to ISC dysfunction by inducing
DNA damage and activating YAP1 translocation into the
nucleus. CHO is an anion exchange resin that seques-
ters a variety of bile acid subclasses including DCA.
Hence, further studies are needed to confirm the direct
effects of DCA by feeding it to Yap1 gene knockout mice.
DNA damage markers and Abl1 levels were found to be
increased in mice fed HFD or DCA. Future studies using
germ-free mice are needed to elucidate the effects of
YAP1 knockout targeted to the intestinal epithelium on
the gut microbiota. High-fat feeding for 8 weeks mimics
hepatic inflammation and steatosis in the initial stage of
MAFLD development, and the role of YAP1 in the sub-
sequent progression of this disease needs to be validated.

Conclusions

We found that HFD-mediated elevation of DCA lev-
els dysregulates the ISC function. DCA downregulates
ISC differentiation into goblet and Paneth cells through
upregulation of the ABL1-YAP1 signalling pathway,
thereby disrupting the ileal mucosal barrier function,
which may be one of the initiating mechanisms of
hepatic steatosis induced by an HFD via the gut-liver
axis (Fig. 9). Targeting the ABL1-YAP1 pathway, or
reducing DCA is expected to block the above entero-
genic mechanisms of MAFLD.

crease in DCA levels leading to dysregulation of ISC function and hepatic
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YAP1 Yes-associated protein 1

ABL1 Abelson tyrosine-protein kinase 1

NAFLD Nonalcoholic fatty liver disease

MAFLD Metabolic dysfunction-associated fatty liver disease
HFD\HFF  High-fat diet\high-fat feeding

LFD Low-fat diet

CHO Cholestyramine

DCA Deoxycholic acid

LPS Lipopolysaccharide

ISC Intestinal stem cell

EDTA Ethylenediaminetetraacetic acid

PYAP1 Phosphorylated Yes-associated protein 1

PABL1 Phosphorylated abelson tyrosine-protein kinase 1
KRT18 Cytokeratin 18
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