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KEY WORDS Abstract The proper differentiation and reorganization of the intestinal epithelial cell population is

critical to mucosal regeneration post injury. Label retaining cells (LRCs) expressing SRY-box transcrip-
?SIE:CSS tion factor 9 (SOX9) promote epithelial repair by replenishing LGRS intestinal stem cells (ISCs). While,
EECs; LRCs are also considered precursor cells for enteroendocrine cells (EECs) which exacerbate mucosal
IBD: damage in inflammatory bowel disease (IBD). The factors that determine LRC-EEC differentiation
SOX9; and the effect of intervening in LRC-EEC differentiation on IBD remain unclear. In this study, we inves-
Aloe emodin; tigated the effects of a natural anthraquinone called aloe emodin (derived from the Chinese herb rhubarb)
FFARI; on mucosal healing in IBD models. Our findings demonstrated that aloe emodin effectively interfered
FOXO1 with the differentiation to EECs and preserved a higher number of SOX9% LRCs, thereby promoting

mucosal healing. Furthermore, we discovered that aloe emodin acted as an antagonist of free fatty acid
receptors (FFAR1), suppressing the FFAR1-mediated G@+y/serine/threonine-protein kinase (AKT)
pathway and promoting the translocation of forkhead box protein Ol (FOXO1) into the nucleus,
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ultimately resulting in the intervention of differentiation fate. These findings reveal the effect of free fatty
acid accessibility on EEC differentiation and introduce a strategy for promoting mucosal healing in IBD
by regulating the FFAR1/AKT/FOXO!1 signaling pathway.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Mucosal healing is key prognostic indicator for long-term remission
and reduced surgical risk in inflammatory bowel disease
(IBD) patients'. An unhealed mucosa means that damaged epithe-
lium causes translocation of intestinal luminal contents, including
commensal bacteria and pathogenic microorganisms to the lamina
propria, hence causing persistent inflammation”. Under normal con-
ditions, LGR5™ crypt basal columnar cells (CBCs)/activated intes-
tinal stem cells (alSCs) gradually differentiate upward into different
types of intestinal epithelial cells for epithelial integrity’. However,
the self-renew function of CBCs is impaired in Crohn’s disease (CD)
patients and mice models, leading to the unhealed mucosa and re-
lapsing  inflammation®”’. SRY-box transcription factor 9
(SOX9) + label-retaining cells (LRCs)/reserve ISCs (rISCs) are
activated from the quiescence state and transformed into CBCs post
radiation injury®"'°. The role of LRCs in IBD remains unclear, but its
progeny, enteroendocrine cells (EECs), increase abnormally in pa-
tients with ulcerative colitis (UC) and CD*'"“'?. Inhibition of 5-
hydroxytryptamine (5-HT) and chromogranin A (CHGA) produced
by EEC alleviates colitis in mice'*'*. Hence, interrupting the LRC-
EEC differentiation axis to retain more LRCs theoretically pro-
motes mucosal healing in IBD.

Rhubarb is an umbrella name for various perennial plants of the
genus Rheum L. from the Polygonaceae family, which has been used
as a laxative in China since the 3rd millennium B.C. The excellent
laxative effect of rhubarb implies that it might contain compounds
that regulate the intestinal physiological activity; nonetheless,
convincing systematic studies are lacking. The major chemical con-
stituents of rhubarb include anthraquinones, anthrone, zhienes, etc 15,
In the present study, we screened the major components in rhubarb
using dextran sulfate sodium salt (DSS)-induced IBD models and
found that aloe emodin significantly alleviates the colitis. Aloe
emodin (1,8-dihydroxy-3-hydroxymethylanthraquinone), one of the
natural anthraquinone derivatives, exerts antitumor, antiviral, anti-
inflammatory, antibacterial, and hepatoprotective pharmacological
effects without a convincing direct target'®. Our findings demon-
strated that aloe emodin directly antagonizes the activation of free
fatty acid receptor 1 (FFAR1), and suppresses serine/threonine-
protein kinase (AKT)-mediated phosphorylation and nuclear export
of forkhead box protein O1 (FOXO1). Then, relatively increased
nuclear import of FOXO1 leads to high SOX9 expression, which
inhibits differentiation of LRC to EEC and facilitated epithelium
reconstruction.

2. Materials and methods

2.1. Materials

Details (including RRID or CAS numbers) of all materials used in
this study (including antibodies, reagents, animals, commercial

assays, cells, primers, software and deposited data, etc.) are placed
in Supporting Information Tables S1—S3.

2.2.  Human samples

Sections for immunofluorescence staining were obtained from
excised samples of colon lesions from CD patients. The
CD patients were enrolled and followed up from July 2010 to July
2020 at the Department of Colorectal Surgery, Xinhua Hospital,
Shanghai Jiao Tong University School of Medicine. The CD was
diagnosed using clinical, endoscopic, and histologic criteria. The
study complied with the Helsinki Declaration, and the study
protocol was approved by the Institutional Ethics Committee of
Xinhua Hospital affiliated to Shanghai Jiaotong University School
of Medicine. All the patients included in the study signed the
informed consent.

2.3.  Cell culture

Human Caco-2 cells and human embryonic kidney (HEK) 293T
cells purchased from American Type Culture Collection (ATCC)
were cultured in high glucose Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with FBS (fetal bovine serum,
20% for Caco-2 cells, 10% for HEK 293T cells) at 37 °C under
5% (v/v) CO, atmosphere.

2.4.  Colon crypt isolation and three-dimensional culture

Colon organoid culture was modified based on the previous
protocol'’. Briefly, after euthanizing the mice, colons were
longitudinally opened and washed with phosphate-buffered sa-
line (PBS). To dissociate the crypts, tissues were incubated at
37 °C in ethylenediaminetetraacetic acid (EDTA) buffer
(2 mmol/L EDTA, 43.4 mmol/L sucrose, 54.9 mmol/L
D-sorbitol, 0.5 mmol/L b,L-dithiothreitol) for 30 min. The iso-
lated crypts were incubated with TrypLE Express (Gibco) at
37 °C for 1 h to break them up into individual cells. Colon
epithelial cells were suspended in 50% matrigel with 50%
advanced DMEM/F12 medium. After 20-min incubation to
polymerize matrigel, WENR medium (epidermal growth factor
(EGF), Noggin and Rspondin-1 containing medium plus 10%
Wnt3a conditioned medium) was added.

2.5.  Quality control of aloe emodin

Aloe emodin was purchased from Shanghai Standard Technology
Co., Ltd. (batch No. 14346). Quality control of aloe emodin was
performed using the ultra-high performance liquid chromatog-
raphy (UPLC) system equipped with an AB triple time-of-flight
(TOF) 5600 plus System (Framingham, MA, USA) along with a
YMC-Triart C18 column (150 mm x 2.1 mm, 1.9 pm). The
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mobile phase was acetonitrile and 0.1% phosphoric acid solution
operating at a flow rate of 0.3 mL/min. UV detections were per-
formed at 256 nm for aloe emodin and 288 nm for emodin.
Electrospray ionization (ESI) was selected as the ionization source
and negative ionization mode was set as the detection mode. The
ion spray voltage was 5.50 kV with transfer capillary temperature
at 550 °C. The scan mass range was set from m/z 50—1500.

2.6.  Immunostaining and immunohistochemistry

Organoids in the plates were fixed with 4% paraformaldehyde at 4
°C for 45 min. Then, organoids were treated with PBS containing
10% goat serum, 10% dimethyl sulfoxide (DMSO) and 2% Triton-
X for 1 h. Caco-2 cells were fixed with 4% paraformaldehyde at 4
°C for 10 min and permeated with 0.1% Triton-X for 10 min and
blocked with 10% goat serum for 2 h. Cells or organoids were
then incubated with primary antibodies at room temperature for
2 h. After washing three times with PBS, cells or organoids were
incubated with appropriate Alexa Fluor-labeled secondary anti-
bodies in the blocking buffer at room temperature for 2 h. The
slides were sealed by mounting media containing DAPI and then
observed under a laser scanning confocal microscope (Zeiss,
Germany)'®. Co-localization analysis was completed by Image I’s
JACop plugin.

Tissue samples were fixed in 4% paraformaldehyde and
embedded in paraffin. Tissue embedding, sectioning and H&E
staining were performed by Servicebio Inc. (Shanghai, China). For
immunofluorescence staining, sections were deparaffinized with
standard techniques and incubated with primary antibodies over-
night at 4 °C, and then incubated with secondary antibodies at
room temperature for 30 min. The immunofluorescence staining
sections were pictured by an inverted phase contrast fluorescence
microscope (Olympus, Tokyo, Japan). The positive cell count was
completed by Image J.

2.7.  Invivo experiments

8-week-old male C57BL/6 mice were grouped using a completely
randomized method and induced by 3% DSS for 7 days (except
control group). Mice that received DSS were administered with
compounds intragastrically once daily throughout the course (for
compound screening) or after the onset of symptoms (for phar-
macodynamic experiments of aloe emodin).

For 2,4,6-trinitrobenzene sulfonic acid (TNBS) model, we
used a standard single-application TNBS model of 8-week-old
female BALB/c mice. Briefly, mice were fasted for 24 h before
the experiment and after ether anesthesia. A 2.0 mm diameter
syringe hose was lubricated with paraffin oil and gently inserted
into the anus before slowly injecting 200 pL of 5% TNBS/50%
ethanol (1:1) solution (normal control group was instilled with
PBS solution); the tail was lifted thereafter. The mice were kept
lying flat and naturally awake after 5 min of continuous inver-
sion'”. The mice that received TNBS were intragastrically
administered with compounds once daily after the onset of
symptoms.

Mice were weighed and scored for disease activity index (DAI)
daily. DAI was assessed terminally by an unbiased observer based
on a previously published scoring system®’. Each mouse was
scored from four aspects: rectal bleeding, rectal prolapse, stool
consistency and blood, each with a score of 0 to 3. On the

indicated day, the mice were sacrificed to obtain colon tissues and
blood.

2.8.  Invivo intestinal permeability assay

The intestinal barrier integrity was assessed using fluorescein
isothiocyanate (FITC)-dextran as previously described”'. In brief,
mice were starved for 4 h and then gavaged with 600 mg/kg FITC-
dextran followed by 4 h fasting before euthanization. The content
of FITC-dextran in serum was measured based on the standard
curve by a microplate reader at a 480-nm excitation wavelength
and a 525-nm emission wavelength.

2.8.1. Isolation of colonic epithelial cells

Colonic epithelial cells were isolated using a protocol as
described”. Briefly, colon tissues from mice were
longitudinally opened and flushed with ice-cold PBS. Tissues
were cut into small pieces (1 cm) and vigorously shaken in Hanks’
balanced salt solution (HBSS) containing 40 mmol/L. EDTA and
1 mmol/L dithiothreitol (DTT) at 37 °C for 20 min and then
passed through a 100 pm cell strainer. Epithelial cells in the
filtering liquid were collected and centrifuged at 300x g at 4 °C
for 10 min. In order to further exclude other cells, CD326
(EpCAM) and CD45 selection kit were used to select
EpCAM™'CD45 epithelial cells for subsequent measurements.

2.9.  DNA pull-down assay

Potential binding sites for the FOXO1 and SOX9 promoter regions
(—2000 to —1) were predicted by the JASPAR website (https://
jaspar.genereg.net). PCR primers were designed according to the
FOXO1-binding sequences so that the PCR products were
~500 bp. Then, the PCR products were labeled with biotin using
Biotin-11-dUTP and a specific primer. The gel recovery kit was
used to isolate a labeled probe from agarose gels. Nuclear and
Cytoplasmic Protein Extraction Kit was used to extract nuclear
protein, and the protein concentration was measured by bicin-
choninic acid assay (BCA). Biotin-labeled probe corresponding to
SOX9 promoter (1 pg) was incubated with nuclear protein
(70 ng). One hour after incubation, streptavidin-coated beads were
added to isolate the DNA—protein complex. The protein was
eluted and then run on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE).

2.10. RNA sequencing of colonic epithelial cells from colitis
mice

The mRNA was purified from 1 pg total RNA using oligo (dT)
magnetic beads followed by fragmentation carried out using
divalent cations at elevated temperatures. Subsequently, first-
strand and second-strand cDNAs were synthesized, followed by
PCR amplification. PCR products were purified (AMPure XP
system) and library quality was assessed on an Agilent Bio-
analyzer 4150 system. Finally, sequencing was performed with an
[lumina Novaseq 6000/MGISEQ-T7 instrument. Raw reads of
fastq format were firstly processed through in-house perl scripts.
In this step, the adapter sequence, low quality (low quality, the
number of lines with a string quality value less than or equal to 25
accounts for more than 60% of the entire reading), as well as N (N
means that the base information cannot be determined) ratio is
greater than 5% reads were removed to obtain clean reads that can
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be used for subsequent analysis. Then clean reads were separately
aligned to the reference genome with orientation mode using
HISAT2 software (http://dachwankimlab.github.io/hisat2/) to
obtain mapped reads. FeatureCounts (http://subread.sourceforge.
net/) was used to count the read numbers mapped to each gene.
And then FPKM of each gene was calculated based on the length
of the gene and reads count mapped to this gene. RNA-sequencing
was performed by Applied Protein Technology (Shanghai, China).

2.11.  Chromatin immunoprecipitation (ChlIP)-qPCR assay

Caco-2 cells were cross-linked with 1% formaldehyde for 10 min.
The ChIP assay was performed by using anti-FOXO1 and the
ChIP assay kit (Beyotime, Shanghai, China) according to the
manufacturer’s instructions. Normal rabbit IgG was also used as a
negative control. The bound DNA fragments were subjected to
real-time PCR analysis using the specific primers shown in
Supporting Information Table S2.

2.12.  Construction of knockout cell line or organoid and
reintroduction assay

Single guide RNA (sgRNA) targeting the human FOXOI sequence
was: GGTGGCGCAAACGAGTAGCA, while sgRNA targeting
murine Foxol sequence was TGATGAGGTCGGCGTACGAC
(designed by www.zlab.bio/guide-design-resources and validated
by previous study”*>*). The sgRNA targeting murine Sox9 sequence
was ACCAGCCGAGTCCTCCGACA. Lentivirus (Lenti-CAS9-
sgRNA-puro) encoding Cas9 and sgRNA targeting FOXO1 or the
control vector was constructed and packed on HEK 293T. Cultured
Caco-2 cells were infected with Lentivirus-CAS9-sgRNA-puromy-
cin. After 72 h, puromycin was used to select the FOXO1 CRISPRko
cells. For reintroduction of FOXO1, Flag-FOXO1 was constructed on
pcDNA3.1 vector. FOXO1 CRISPRko cells were transfected with the
Flag-Vector or Flag-FOXO1 using the PolyJet transfection reagent.

Construction of FOXO1 or SOX9 knockout organoids were
performed as previous protocol”. Mouse colon organoids were
resuspended in Tryple Express followed by incubation at 37 °C for
5 min. After centrifugation at 900 X g, the pellet was resuspended
in 250 pL of virus solution. The mixture was then centrifuged at
600x g for 1 h at 32 °C then incubated at 37 °C for 6 h, followed
by centrifugation and cooling on ice. Subsequently, 100 puL of
Matrigel was added and mixed, and the mixture was seeded into
48-well plates. Transformation medium (WENR medium sup-
plemented with 10 mmol/L nicotinic acid (NAM), 10 pmol/L
Y-27632, and 5 pmol/L. CHIR99021) was added for culture. After
three days, organoids were screened with puromycin-containing
transformation medium. When the crypts started to grow, the
transformation medium was replaced with WENR medium con-
taining puromycin to support further crypt growth.

2.13.  Docking

The 3D sdf file of aloe emodin was downloaded from the
PubChem and converted to the mol2 format using the Open Babel
GUI software. The compound structure was subjected to energy
minimization calculations based on the Tripos force field using
SYBYL 2.1.1. The pdb files of 111 potential target proteins based
on aloe emodin were downloaded from the SuperPred website on
RCSB:PDB. Aloe emodin and the predicted target proteins were

docked using SYBYL 2.1.1, and 5 targets with score >5.0 were
selected for further analysis.

2.14.  Drug affinity responsive target stability (DARTS)
experiment

Caco-2 cells transfected with FFAR1-flag pcDNA3.1 plasmids for
48 h was extracted by ice-cold RIPA buffer. The protein solutions
were diluted by TNC buffer (50 mmol/L Tris-HCl, pH 8.0,
50 mmol/L NaCl, 10 mmol/L CaCl,) and treated with aloe emodin
(0, 2.5, 10 and 40 pmol/L) at room temperature for 1 h. Then, the
protein solutions were incubated with 40 ng/mL pronase at room
temperature for 15 min. The reactions were ceased by adding
protein loading buffer and Western blot was performed to analyze
the level of FFARI.

2.15.  Cellular thermal shift assay (CETSA)

Lysate of Caco-2 cells transfected with FFAR1-flag pcDNA3.1
plasmids for 48 h was treated with aloe emodin (40 pmol/L) or
0.1% DMSO for 2 h and then heated at gradually rising temper-
atures (from 45 to 65 °C) for 3 min. Then, solutions were cooled
on ice quickly and incubated with kinase buffer. The solutions
were further centrifuged at 12,000 x g for 20 min and protein
loading buffer was added to the supernatant for elution. Western
blot was carried out to detect the level of FFARI.

2.16.  Western blot

Total proteins from cells or tissues were isolated by RIPA buffer
(Beyotime, China) on ice. Nuclear proteins were extracted using
NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo
Scientific). BCA Protein Assay Kit (Thermo Scientific) was used
to determine the concentration of proteins. Equal amounts of
proteins (10—30 pg) of each group were performed by the stan-
dard protocol of Western blot.

2.17.  Immunoprecipitation

For endogenous proteins immunoprecipitation, the sample was
incubated with the antibody or IgG at 4 °C for 12 h, then Protein
A/G Agarose (70—100 puL) was added to each sample. The lysate
beads mixture was incubated at 4 °C under rotary agitation for 4 h.
Immunocomplexes were washed 3 times with 1 mL of lysis buffer
and then detected by Western blot.

2.18.  Enzyme-linked immunosorbent assay (ELISA)

The blood of mice was let stand for 2 h and centrifuged at 1500 x
g for 15 min to obtain serum. The samples above were analyzed
for cytokine concentration with ELISA kits according to the
manufacturer’s (DAKEWE) protocol.

2.19.  RNA isolation and quantitative reverse transcription PCR
(RT-gPCR)

For RT-gPCR analysis, the cells or tissues were lysed in Trizol
reagent to extract total RNA, followed by reverse transcription
with HiScript IT 1st Strand cDNA Synthesis Kit (Vazyme Biotech,
China). Real-Time PCR was performed using Hieff UNICON®
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gPCR SYBR Green Master Mix (Yeasen, China). The profile of
thermal cycling consisted of initial denaturation at 95 °C for
2 min, and 40 cycles at 95 °C for 15 s and 60 °C for 30 s. All
primers used for qPCR analysis were synthesized by HuanGen
Biotech (Shanghai, China). $-Actin or 18S rRNA was used as an
internal control. All the qPCR primer sequences used in this study
are listed in Table S1.

2.20.  Single cell sequencing analysis

The expression matrix data from GSE116222%° were created as a
Seurat object using the Seurat package in R. Quality control was
performed based on mitochondrial gene ratio and erythrocyte
ratio. Cells were divided into 13 clusters after dimensionality
reduction using uniform manifold approximation and projection
for dimension reduction (UMAP). LRCs, ISCs and TA cells were
further divided based on the original study. The proportions of
EECs and LRCs to all intestinal epithelial cells were calculated,
respectively. The expression of SOX9 in different cell clusters and
different groups was calculated.

2.21.  Laser capture microdissection (LCM)

Colon tissue was OCT-embedded, frozen sectioned and stained for
immunofluorescence. An approximate 50 pm x 50 pum area of the
SOXO9 positive region on the section was cut and collected using a
laser cutting microscope (PALM MicroBeam, Zeiss). Samples
were then lysed using Tirzol and subjected to RT-qPCR assay.

2.22.  Transcription factor (TF) prediction

We utilized the Rcis Target package in R to annotate the motifs of
differentially expressed genes (DEGs) between the vehicle group
and the aloe emodin (40 mg/kg) group and predict transcription
factors (TFs) that bind to these motifs. Then, we used the ReMap
Chip-seq database and the JASPAR website to identify TFs that
could potentially bind to the promoter region (—2000 to 0) of the
mouse SOX9 gene. A total of 21 predicted TFs were identified by
aggregating three distinct sets of shared TFs.

2.23.  Gene set enrichment analysis (GSEA) and correlation
analysis of datasets

RNA-seq results of colonic epithelial cells from colitis mice and
the clinical data from GSE100833 datasets”’ were subjected to
standard GSEA and correlation analysis using R (version 4.1.2).
Nominal P-values are shown.

2.24.  Quantification and statistical analysis

Statistical analysis was done by GraphPad Prism 7. Unless
otherwise indicated, data are represented as mean =+ standard
deviation (SD). Differences in the quantitative data were analyzed
using 2-tailed unpaired #-test between two groups, and one-way
analysis of variance (ANOVA) followed by Bonferroni post hoc
test for more than two groups. N.S. represents no significance (ns),
and *P < 0.05, **P < 0.01 and ***P < 0.001 were considered
significance of difference.

3. Results

3.1.  Screening of active compounds in rhubarb for mouse colitis

According to the content of the components detected in
rhubarb®®, we selected five free anthraquinones (emodin, aloe
emodin, chrysophanol, rhein, and physcione), four stilbene
analogues (piceatannol, rhapontigenin, desoxyrhapontigenin and
rhaponticin) and sennoside A, the most potent laxative agent in
rhubarb (Fig. 1A), for oral administration at 20 mg/kg/day in
DSS-induced colitis. The results of body weight changes showed
that emodin (~ —7.52%), aloe emodin (~ —5.98%) and
piceatannol (~ —9.31%) effectively inhibited weight loss in
colitis mice (~ —15.81%) at day 7 (Fig. 1B). Emodin, aloe
emodin, chrysophanol, rhein, piceatannol and desoxy-
rhapontigenin significantly relieved colonic shortening in mice
with colitis (Fig. 1C). RT-qPCR results showed that emodin, aloe
emodin, chrysophanol and piceatannol significantly inhibited the
mRNA expression of pro-inflammatory cytokines includingl/l/b,
116, Tnfa, 1l17a, and 1112p40 in colons. The most significant
decrease in inflammatory cytokines was observed in the aloe
emodin group (Fig. 1D). We selected aloe emodin for further
analysis after considering body weight, colonic length, and
inflammatory cytokines expression. We characterized and iden-
tified the aloe emodin used in the study. Ultra-high performance
liquid chromatography with quadrupole time-of-flight mass
spectrometry (UPLC—Q-TOF-MS)/MS showed mass spectrom-
etry fragmentation peaks consistent with previous study”’, and
the high-resolution electrospray ionization mass spectrometry
(HR-ESI-MS) spectrum showed that the purity of aloe emodin
was close to 100% after removing the solvent peaks (Supporting
Information Fig. S1A and S1B).

3.2.  Aloe emodin ameliorates inflammatory response in mice
colitis

Pharmacodynamic experiments of oral administration of aloe
emodin in multiple dose groups showed that aloe emodin
treatment after the onset of DSS-induced colitis in mouse model
(Day 4) promoted weight restoration, reduced DAI and allevi-
ated colon shortening (Fig. 2A—C). FITC-dextran permeability
assays showed that aloe emodin at 20 and 40 mg/kg signifi-
cantly improved the integrity of the intestinal barrier (Fig. 2D).
H&E staining showed that aloe emodin effectively alleviated
inflammatory cell infiltration and crypt structure loss (Fig. 2E).
Consistently, the increased levels of pro-inflammatory cytokines
in serum (Fig. 2F) and tissues (Fig. 2G) were significantly
ameliorated in the 20 and 40 mg/kg aloe emodin groups.
Overall, aloe emodin had a dose-dependent therapeutic effect
on the DSS model, with 40 mg/kg aloe emodin outperforming
5-aminosalicylic acids (5-ASA). Different IBD models only fit
the characteristics of human IBD partly'®, so we also evaluated
the pharmacodynamics of aloe emodin in TNBS-induced
models. As shown in Supporting Information Fig. S2A,
40 mg/kg aloe emodin promoted the recovery of body weight.
On the 3rd day with the most severe colitis in mice, aloe
emodin at 20 and 40 mg/kg showed a significant alleviating
effect (Fig. S2B), eventually showing a restorative effect on
colonic shortening and permeability (Fig. S2C and S2D).
Consistently, inflammatory cell infiltration and colonic patch
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Figure 1

Screening of active compounds in rhubarb for mice colitis. (A) Chemical structure formulas of the ten main components of rhubarb.

(B) Changes in body weight of mice in each group (n = 6). The mice were treated with 3% DSS for 7 days. Compounds (20 mg/kg/day) were
given intragastrically every day. (C) The colon length of mice treated with DSS in each group on Day 7. (D) Relative mRNA levels of proin-
flammatory cytokines in the colon tissue measured by RT-qPCR. Data are expressed as mean = SD. Data of 1B were compared by two-way
ANOVA followed by Bonferroni post hoc test; *P < 0.05, **P < 0.01 and ***P < 0.001. Data of 1C and 1D were compared by one-way
ANOVA followed by Bonferroni post hoc test; ###P < 0.001 vs Control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs Vehicle group.

hypertrophy caused by TNBS were significantly reduced by
aloe emodin (Fig. S2E). ELISA and RT-qPCR results suggested
a significant inhibitory effect of 40 mg/kg aloe emodin on
levels of pro-inflammatory cytokines in serum (Fig. S2F) and
colonic tissue (Fig. S2G). Overall, aloe emodin also provided
dose-dependent remission in the TNSB model, where 40 mg/kg
aloe emodin exhibited efficacy similar to that of 5-ASA.

3.3.  Aloe emodin interferes with the differentiation of precursor
cells to early EECs

RNA-seq data from intestinal tissues showed that the differentially
expressed genes (DEGs) between aloe the emodin (40 mg/kg) group
and vehicle group were enriched in the pancreatic secretion, linoleic
acid metabolism and prolactin signaling pathway annotated by the
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Aloe emodin ameliorated inflammatory response in mice colitis. (A) Body weight change of mice subjected to colitis induction with
3% DSS for 7 days (n = 10 per group). Mesalazine (50 mg/kg/day) or aloe emodin (10/20/40 mg/kg/day) were given intragastrically from Day 4.
(B) Disease activity index (DAI) score of each group. (C) The colon length of each group mice treated with DSS on Day 7. (D) The intestinal
permeability in vivo was evaluated using FITC-Dextran. (E) Representative H&E staining images of DSS-induced mice on Day 7. Scale bars,
2 mm (top panel). Scale bars, 100 um (bottom panel). (F) The concentration of proinflammatory cytokines in mouse serum was measured by
ELISA. (G) Relative mRNA levels of proinflammatory cytokines in the colon tissue measured by RT-qPCR. Data are represented as means £ SD.
Data of 2A is compared by two-way ANOVA followed by Bonferroni post hoc test. DAI of each day (2B) is compared by Kruskal—Wallis test
followed by Dunn’s post hoc test. Other data are compared by one-way ANOVA followed by Bonferroni post hoc test. Not significant (NS),
#P < 0.05 vs Aloe emodin (40 mg/kg) group; *P < 0.05, **P < 0.01, ***P < 0.001 vs Vehicle group.
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Figure 3  Aloe emodin interferes with the differentiation of precursor cells to early EECs. (A—C) GSEA on bulk RNA-seq data from colon
tissue, comparing the Aloe emodin (40 mg/kg) group to the vehicle group (n = 3 per group). (D) Immunofluorescent staining of differentiation
markers (CAII for absorptive colonocytes, MUC?2 for goblet cells, CHGA for enteroendocrine cells, COX-1 for tuft cells) in colon sections. Scale
bars, 100 pm. (E) Relative expression of time-resolved list of transcriptional regulators of EECs at different stages of differentiation in aloe
emodin (40 mg/kg) group vs vehicle group (n = 3 per group). (F) Immunofluorescent staining of CHGA in colonic organoids (on the 5th day of in
vitro culture) with or without aloe emodin treatment (40 pmol/L) for 24 h. Scale bars, 50 pm. (G) The concentration of 5-HT in colonic organoids
with or without aloe emodin treatment for 24 h was measured by ELISA kit (n = 6 per group). NC, negative control. (H—L) Relative mRNA
levels of markers of endocrine cell linage at different stages (DIl1, Neurog3, Pax4, Neurodl and Pax6) in organoids measured by RT-qPCR (n = 6
per group). (M, N) Relative mRNA levels of hormone from delta cells (Sst) and L cells (Pyy and Gcg) in organoids measured by RT-qPCR (n = 6
per group). Data are represented as mean £ SD. Data are compared by one-way ANOVA followed by Bonferroni post hoc test. Not significant
(ns), ¥*P < 0.05, **P < 0.01 and ***P < 0.001.
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Figure 4 SOX9-mediated arrest of LRC differentiation is required for aloe emodin to promote mucosal repair. (A) Relative mRNA levels of
epithelial cell markers in sorting colon epithelial cells (CD45-EPCAM ™) isolated from DSS-induced mice (n = 6 per group) measured by RT-
qPCR. (B) Representative immunoblots of SOX9 and CHGA protein in isolated epithelial cells from DSS-induced mice (n = 6 per group). (C)
Immunofluorescent staining of SOX9 in colon sections from vehicle group vs aloe emodin (40 mg/kg) group in DSS-induced colitis. Scale bars,
100 um. (D) Immunofluorescent staining of SOX9 and HOPX in longitudinal sections of crypts from vehicle group vs aloe emodin (40 mg/kg)
group. Scale bars, 20 um. (E) Relative mRNA levels of Hopx (LRC marker), Lgr5 (CBC marker), and Neurog3 (ECC marker) in SOX9" cells-
enriched regions and SOX9-regions separated by LCM. (F) Left panel: Immunofluorescent staining of AXIN2 and SOX9 in colonic organoids (on
the 5th day of in vitro culture) with or without aloe emodin treatment (40 pmol/L) for 24 h. Scale bars, 50 pm. Right panel: The SOX9™ cells
count in organoids. (G) Relative mRNA levels of Sox9 in the in organoids with or without aloe emodin treatment measured by RT-qPCR. (H)
Immunofluorescent staining of SOX9 and CHGA in inflamed intestinal areas with different degrees from CD patients. Scale bars, 50 um. (I, J) The
counts of SOX9* and CHGA™ cells per crypt (100 crypts for each group) in inflamed areas with different degrees. (K, L) Representative images
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Kyoto encyclopedia of genes and genomes (KEGG) (Supporting
Information Fig. S3A). GSEA showed that pancreatic secretion,
endocrine and other factor-regulated calcium reabsorption and in-
sulin secretion gene sets were enriched in the vehicle group compared
to the aloe emodin (40 mg/kg) group, suggesting that aloe emodin
down-regulated intestinal secretory cell-related functions in vivo
(Fig. 3A—C). We performed immunofluorescence staining for
different types of secretory epithelial cells’ markers in selected injury
areas (defined by the presence of inflammatory cell infiltration and
intact crypt) for quantitative analysis. The results showed that aloe
emodin administration significantly suppressed the number of EECs
(CHGA™), while it had no effect on the number of absorptive cells
(CATTH), goblet cells (MUC2") and tuft (COX17) cells (Fig. 3D and
Fig. S3B), supporting our finding from GSEA analysis. We used a
previously reported time-resolved list of transcriptional regulators of
EECs for discriminating the effect of aloe emodin on EECs at
different stages of differentiation®”. The results showed that most of
the regulators of each stage were down-regulated in aloe emodin
group, indicating that aloe emodin might inhibit the EEC maturation
from the early stage (Fig. 3E). Then, we treated colon organoids with
2.5—40 pmol/L aloe emodin for 24 h before the emergence of mature
CHGA™" EECs (~Day 5) to test whether aloe emodin has a direct
effect on epithelial cell differentiation. CHGA staining and 5-HT
level of colon organoids indicated that aloe emodin suppressed the
differentiation of epithelial cell lineage to enteroendocrine cells
(Fig. 3F and G). Consistent with RNA-seq data of mouse intestinal
tissue, RT-qPCR determining EEC time-resolved markers suggested
that aloe emodin suppressed the expression of EECs markers in all
periods including terminally differentiated delta cells and L cells
(Fig. 3H—N). These data suggest that aloe emodin alters the differ-
entiation of precursor cells to early EECs.

3.4. SOX9-mediated arrest of LRC differentiation is required for
aloe emodin to promote mucosal repair

To clarify the exact mechanisms by which aloe emodin affects
epithelial cell differentiation, we obtained mouse purified colonic
epithelial cells by EDTA digestion combined with
EPCAMCD45~ immunomagnetic bead sorting and measured the
marker gene expression of different epithelial cells differentiated
from ISCs. Interestingly, Sox9 and Lgr5 expression was signifi-
cantly downregulated in colitis and rescued by aloe emodin
treatment, which is in complete contrast to the trend of Neurog3
expression (Fig. 4A). Consistently, aloe emodin also up-regulated
SOX9 protein levels and down-regulated CHGA protein levels in
sorting epithelial cells (Fig. 4B, Supporting Information Fig.
S4A). Immunofluorescence staining showed that aloe emodin
upregulated the number of SOX9™ cells in the injury area (Fig. 4C
and Fig. S4B) and there was a significant negative correlation
between the numbers of SOX9™" cells and CHGA™ cells regardless
of subgroup (r = —0.5056) (Fig. S4B). High SOX9 expression is
one of the characteristics of LRCs, also known as quiescent “+4”
cells, or reserve ISC (rISCs)*?. SOX9 staining of longitudinal
sections of crypts showed that aloe emodin enlarged SOX97 cell
population located close to the theoretical location of LRCs and

co-expressed homeodomain-only protein (HOPX) which is an
LRC marker (Fig. 4D). Separation of SOX9" cells-enriched re-
gions using laser capture microdissection showed that the tran-
scriptional profile of the SOX9™ regions was close to that of the
LRC compared to the SOX9™ region (Fig. 4E). These data suggest
that the increased SOX9™ cells caused by aloe emodin are LRCs.
Data from cultured mouse colonic organoids also showed that aloe
emodin upregulated the number of SOX9" LRCs and Sox9
expression (Fig. 4F—G). Interestingly, aloe emodin did not in-
crease the number of AXIN2™ cells (CBCs) in vitro, suggesting
that the upregulation of Lgr5 observed in aloe emodin-treated
colitis mice was due to the transformation of the increased
SOX™ LRCs rather than the self-amplification of CBCs. Notably,
SOX9" LRCs are precursor cells for EECs® and an alternate
source of LGR5" CBCs in epithelial damage®’. Assuming that the
number of LRC population is constant, selection for LRC differ-
entiation to CBCs or EECs in colitis might have an impact on
epithelium repair. To understand the impact of this differentiation
trend on CD, we analyzed transcriptome profiling data
(GSE100833 dataset) from active CD patients®’. As shown in Fig.
S4C and S4D, SOX9 expression was significantly downregulated
and Neurogenin3 (NEUROG3) expression was significantly
upregulated in biopsy samples from inflamed area compare to
non-inflamed areas. Staining of clinical samples also showed that,
as inflammation increased, SOX9™ LRCs significantly decreased,
whereas CHGA™' EECs significantly increased in the colonic
crypts from CD patients (Fig. 4H—J). Results after further clus-
tering of undifferentiated cells on previous single-cell sequencing
data (GSE116222 dataset)”® showed that the number of EECs was
higher in inflamed areas than in healthy control and non-inflamed
area, whereas the number of LRCs was lower in inflamed regions
than in non-inflamed regions (Fig. S4E—S4H). Moreover, SOX9
expression was significantly higher in EECs from non-inflamed
areas than in inflamed areas (Fig. S41). According to these data,
we propose a conjecture that downregulated SOX9 expression
levels in inflammation leads to a tendency of LRC to over-
differentiate toward EEC. We treated organoids with tumor ne-
crosis factor alpha (TNF-«, 10 ng/mL) to simulate colonic
inflammation and observed the apoptosis of the organoids®'. As
shown in Fig. 4K and L, aloe emodin significantly suppressed
organoid apoptosis induced by TNF-a. Moreover, aloe emodin
partially reversed the TNF-a-induced decrease in Sox9 expression
and increased Neurog3 expression (Fig. 4M and N). However, all
the aloe emodin-induced effects were blocked by SOX9-CRISPR
knock out (ko) and JQ-1 which downregulated SOX9 transcription
as an epigenetic inhibitor (Fig. S4J—M and Fig. 4K—N)*. These
data confirm our conjecture and suggest that SOX9-mediated ar-
rest of LRC differentiation is required for aloe emodin to promote
mucosal repair.

3.5. FOXOIl is the key transcription factor in the up-regulation
of SOX9 expression by aloe emodin

We further inquired the possible signaling pathways mediating
the aloe emodin-induced upregulation of SOX9 expression.

of organoids and quantification of complete organoids stimulated by TNF-« (10 ng/mL) with or without aloe emodin (AE) treatment (40 pmol/L)
or JQ-1 (SOXO9 inhibitor) treatment. (M, N) Relative mRNA levels of Sox9 and Neurog3 in organoids stimulated by TNF-« (10 ng/mL) with or
without aloe emodin treatment (40 pmol/L) or JQ-1 (1 pmol/L) treatment was measured by RT-qPCR. Data are represented as means + SD. Data
of 4E and 4F (right panel) are compared by two-sided unpaired #-test. Other data are compared by one-way ANOVA followed by Bonferroni post

hoc test. Not significant (ns), *P < 0.05, **P < 0.01 and ***P < 0.001.
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Firstly, we identified the transcription factor (TF) binding motifs
enriched in the DEGs between aloe emodin and vehicle treated
mice colon using RcisTarget package. As shown in Fig. 5A,
50 TFs could theoretically bind to these motifs of DEGs, sug-
gesting that aloe emodin might modulate the expression of
SOX9 and other DEGs via regulating these TFs. We further
identified TFs that may bind to a 2000 bp sequence upstream of
the SOX9 gene promoter via JASPAR TFBS and ReMap ChIP-
seq database (Fig. 5B). Collectively, the predictions of the
three analyses indicated that 21 TFs might be modulated by aloe
emodin ultimately upregulating SOX9 expression (Fig. 5C). We
further found that there were 6 TFs including FOXOI1, FOS,
JUNB, FOXA1, POUSF1 and RXRA correlating significantly
(P < 0.001) with SOX9 expression in the CD (Fig. 5D and
Supporting Information Fig. S5A). Next, we hypothesized that
the modulated TF could upregulated SOX9 expression and
downregulated = NEUROG3  expression. CD  patients
(GSE100833)*" were grouped into four groups according to the
median SOX9/NEUROG3 expression level. As shown in
Fig. S5B, pyruvate metabolism, transforming growth factor-beta
(TGF-B) and FOXO signaling pathways were enriched in the
SOX9ME"NEUROG3'™ group of patients. In contrast, PPAR,
autophagy and NF-kB signaling pathways were enriched
in patients in the SOX9"YNEUROG3™E" group. Together, these
analyses revealed that FOXO1 was the TF with the highest po-
tential to mediate the aloe emodin-induced upregulation of
SOX9. It was demonstrated by the fact that the inhibitor of
FOXOI1 (AS1842856) blocked the regulation of aloe emodin on
the expression of SOX9 and NEUROGS3 (Fig. 5E and F). Besides,
FOXOI1-CRISPR knockout (ko) organoids also exhibited over-
differentiation towards EECs, which could not be reversed by
aloe emodin (Fig. 5G). Next, we used the JASPAR database to
predict the binding of FOXO1 and 2000 bp gene sequences
upstream of SOX9, and the results showed that FOXO]1 can bind
to multiple sequences upstream of SOX9 (Fig. S5C). Consid-
ering the length and specificity of the probes, we selected the
binding sequence with the second highest predicted score for
DNA pull-down experiment, and the results showed that the
probe synthesized according to the upstream position (—1313
to —824) of SOX9 bind to FOXO1 (Fig. 5H). CHIP-qPCR ex-
periments further identified the binding site at the —1095
to —824 site which was closer to the predicted —1065 to —1052
site, indicating that FOXO1 could bind to the predicted sequence
upstream of FOXO1 and could be enhanced by aloe emodin
(Fig. 5I). Collectively, we identified FOXO1 as the key tran-
scription factor mediating the up-regulation of SOX9 expression
by aloe emodin.

3.6.  Aloe emodin promotes FOXOI nuclear translocation via
inhibiting its phosphorylation

The activity of FOXOL1 is influenced by its expression abundance,
post-translational modifications (mainly including phosphoryla-
tion and acetylation), nuclear-cytoplasmic shuttling dynamics, and
subcellular localization™. Western blots showed that aloe emodin
upregulated nuclear translocation of FOXO1 (Fig. 6A, Supporting
Information Fig. S6A and S6B), and similar results were obtained
by immunofluorescence staining (Fig. 6B and C). However, aloe
emodin did not affect the protein and mRNA abundance of
FOXOL1 (Fig. 6A and D, Fig. S6A). Further results showed that the
protein phosphatase inhibitor (Okadaic acid) rather than histone
deacetylase inhibitor (trichostatin A, TSA) or sirtuin inhibitor

(NAM) blocked the upregulation of SOX9 expression induced by
aloe emodin (Fig. 6E), which suggested that aloe emodin upre-
gulated SOX9 expression via affecting the phosphorylation mod-
ifications instead of acetylation. AKT, extracellular signal-
regulated kinase (ERK1/2), and casein kinase 1 (CKlea) induce
the phosphorylation and nuclear export of FOXO1**. Our result
showed that AKT activator (SC79) instead of ERK1/2 or CKla
activator (Ro677476, SSTC3) blocked aloe emodin-induced
upregulation of SOX9 expression (Fig. 6E), suggesting that aloe
emodin upregulated SOX9 expression via altering the activity of
AKT. AKT directly phosphorylates FOXO1 on three different
sites (Thr24, Ser256, Ser319), leading to its transcriptional inac-
tivation by nuclear export’”. Our results supported that aloe
emodin dose-dependently reduces AKT-induced phosphorylation
(at Ser256) of FOXO1 (Fig. 6F and Fig. S6C). In addition, the
application of phosphoinositide 3-kinase (PI3K) inhibitor (ETP-
45658) or an AKT inhibitor (Capivasertib) effectively promoted
Sox9 expression (Fig. S6D). AKT-phosphorylated FOXO1 binds
to the 14-3-3 chaperone protein, blocking FOXO1 nuclear trans-
location signal the nuclear translocation signal of FOXO1 and
causing FOXO1 to be bound in the cytoplasm™~°. Immunofluo-
rescence images and co-immunoprecipitation showed that aloe
emodin weakened the interaction of FOXOl1 and 14-3-30
(Fig. 6G, H, and Fig. S6E). Further, overexpression of FOXO1-
flag on FOXO1-CRISPRko Caco-2 cells rescued aloe emodin-
induced SOX9 high-expression, which is consistent with nuclear
FOXOL1 (Fig. 6I and Fig. S6F). In conclusion, our data suggested
that aloe emodin decreased the AKT-induced phosphorylation of
FOXO1 and promoted FOXO1 entry into the nucleus to upregu-
late SOX9 transcription.

3.7.  Aloe emodin targets FFARI to inhibit GBy/AKT/p-FOXO1
signaling pathway

We obtained 5 targets of aloe emodin with high possibility based
on the result from the SuperPred website combined with the
SYBYL-X software docking score (>5.0) (Fig. 7A). Correlation
analysis showed that only the free fatty acid receptor 1 (FFAR1/
GPR40) was significantly correlated with SOX9/NEUROG3 bal-
ance (Fig. 7B and C). As shown in Fig. 7D, aloe emodin was
embedded into the pocket around the residues VAL1094,
ASP1092, ARG1095 and THR1155 of FFARI1. Results of the
DARTS experiment revealed that proteolysis of FFAR1 by pro-
tease was significantly decreased by the presence of aloe emodin
(Fig. 7E), indicating that aloe emodin binding contributed to the
increased protease-resistant of FFARI1. Consistently, CETSA
result showed that aloe emodin increased the thermal stability of
FFARI1. According to the blots and melting curves, we observed a
significant melting temperature shift from 52.76 °C (DMSO) to
57.70 °C (aloe emodin) (Fig. 7F). Linoleic acid is an endogenous
ligand of FFAR, which can explain why aloe emodin caused
linoleic acid pathway altered in KEGG enrichment (Fig. S3A).
We used linoleic acid®’ and TAK-875 (a selective agonist of
FFAR1)™® to confirm the effect of aloe emodin on FFAR1. RT-qPCR
and Western blot data showed that both linoleic acid and TAK-875
had opposite effects to aloe emodin on SOX9/NEUROG3 expres-
sion levels (Fig. 7G), and phosphorylation (Ser256) and nuclear
translocation of FOXO1 (Fig. 7H). However, TAK-875 reversed the
effects of aloe emodin, but linoleic acid did not. Virtual docking
results showed that TAK-875 was binding to the different pocket of
FFARI1 (Supporting Information Fig. S7A). As shown in Fig. S7B,
aloe emodin could suppress intracellular inositol monophosphate
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Figure 5 FOXOIL is the key transcription factor in the up-regulation of SOX9 expression by aloe emodin. (A) TF prediction based on DEGs
(from bulk RNA-seq of colon tissue) between vehicle group and aloe emodin (40 mg/kg) group by RcisTarget tool. (B) JASPAR TFBS and ReMap
ChIP-seq of SOX9 promoter region on UCSC website. (C) Wayne plot and list of predicted TFs. (D) Correlation analysis by Spearman between
SOX9 and FOXOI mRNA expression in inflamed intestine areas from CD patients (n = 69) of GSE100833 dataset. (E, F) Relative mRNA levels
of Sox9 and Neurog3 in organoids with or without FOXO1 inhibitor (AS1842856) or aloe emodin treatment for 24 h measured by RT-qPCR. (G)
Immunofluorescent staining of SOX9 and NEUROG3 in WT or FOXO1-CRISPRko colonic organoids with or without aloe emodin treatment
(40 pmol/L) for 24 h. Scale bars, 50 pm. (H) FOXO1 bound to the SOX9 promoter indicated by DNA pull-down assay. (I) The binding activity of
FOXO1 to SOX9 promoter detected by CHIP assay. Experiments of Fig. 5SH and I were performed on human colonic adenoma Caco-2 cells. Data
are represented as mean = SD and analyzed by one-way ANOVA followed by Bonferroni post hoc test. Not significant (ns), *P < 0.05, **P <
0.01, and ***P < 0.001.
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Figure 6  Aloe emodin promotes FOXOT1 nuclear translocation via inhibiting its phosphorylation. (A) Representative immunoblots for total and

nuclear proteins of FOXO1 in TNF-a-induced (10 ng/mL for 12 h) Caco-2 cells with or without aloe emodin treatment for 2 h. (B, C) FOXO1
nuclear location (2 h after aloe emodin treatment) was assessed by immunofluorescence staining and quantified by Image J. Scale bar, 20 um. (D)
Relative mRNA level of FOXO! with aloe emodin treatment for 6 h measured by RT-qPCR. (E) Relative mRNA level of Sox9 with aloe emodin
treatment for 6 h after inhibitors (250 nmol/L okadaic acid for protein phosphatase, 20 pmol/L TSA for histone deacetylase, 2 mmol/L. NAM for
Sirtuin) or activators (10 umol/L. SC79 for AKT, 200 nmol/LL Ro677476 for ERK1/2 and 100 nmol/L SSTC3 for CK1«) treatment was measured
by RT-qPCR. (F) Representative immunoblots for FOXO1 and phosphorylated-FOXO1 (Thr24, Ser 256 and Ser319) with aloe emodin treatment.
(G, H) Immunofluorescence images of FOXO1 and 14-3-3¢ staining treated with or without aloe emodin (40 pmol/L). Images were observed by
confocal microscopy and colocalization was analyzed by Image J’s JACop plugin. Scale bar, 20 pm. (I) WT and FOXO1-CRISPRko Caco-2 cells
transfected with Flag-Vector or Flag-FOXO1 were treated with or without aloe emodin (40 pmol/L) for 6 h. The relative SOX9 expression was
determined by RT-qPCR. Data are represented as mean + SD and analyzed by one-way ANOVA followed by Bonferroni post hoc test. Not
significant (ns), *P < 0.05, **P < 0.01, and ***P < 0.001.

(IP, a downstream metabolite of IP5) production induced by linoleic
acid but not TAK875 in FFARI1 expressing Caco-2 cells. The
concentration for 50% of maximal inhibitory (ICs¢) of aloe emodin
on IP production by FFAR1 agonist linoleic acid (100 pmol/L) was
4.167 pmol/L, much larger than concentration for 50% of maximal
effect (ECso) of TAK875 (0.2148 pumol/L) (Fig. S7B and S7C).
These data explained why TAK875 reversed FFAR1 inhibition by
aloe emodin. This finding was further substantiated by our in vivo

studies, where TAK875 administration reversed the protective ef-
fect of aloe emodin in the colitis model (Fig. 71) and its regulation of
Sox9/Neurog3 expression (Fig. 7J). We further investigated the
phosphorylation of AKT at the Ser308 residue which decide
whether AKT can phosphorylate FOXO1. The results showed that
TAKS875 blocked aloe emodin-induced down-regulation of p-AKT
(Thr308), which suggested that FFARI transduces signals to
FOXOL1 via p-AKT (Thr308) (Fig. 7H). It was reported that GBy
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Figure 7 Aloe emodin targets FFARI1 to inhibit GBy/AKT/p-FOXO1 signaling pathway. (A) Predicted aloe emodin-binding targets from
SuperPred website were further scored by SYBYL-X docking. Model accuracy and probability were provided by the SuperPred website, and
scores were generated by SYBYL-X 2.1.1 software. (B, C) Correlation analysis by Spearman between FFARI and SOX9 (or NEUROG3) mRNA
expression in biopsy samples from CD patients (n = 69) of GSE100833 dataset. (D) Modeling result of aloe emodin and FFAR1 (PDB: 4PHU).
Top panel: Binding mode of aloe emodin and FFAR1. Bottom panel: a closer look of detail interactions between aloe emodin and residues of the
pocket. Hydrogen bonds were shown as dotted line (yellow) between atoms. (E) Lysates from FFAR1-flag-expressing Caco-2 cells was incubated
with aloe emodin (0, 2.5, 10 and 40 pmol/L) and then subjected to pronase digestion. Immunoblots using anti-flag antibody are shown. (F)
CETSA was conducted with in intact FFAR1-flag-expressing Caco-2 cells with DMSO or aloe emodin treatment. Representative Western blots for
the stabilization of FFAR1-flag protein under 45—65 °C are shown. The protein levels were quantified by Image J. (G) Relative mRNA levels of
SOX9 and NEUROG3 with or without linoleic acid (100 pmol/L), TAK-875 (1 umol/L) or aloe emodin treatment (40 pmol/L) for 6 h measured by
RT-qPCR. (H) Representative immunoblots for indicated nuclear or total protein with indicated treatment for 2 h. (I) Body weight change graph of
mice (n = 6) subjected to 3% DSS induction for 7 days. Aloe emodin (40 mg/kg/day), TAK-875 (30 mg/kg) or combination was given intra-
gastrically from Day 4. (J) Relative mRNA levels of Sox9 and Neurog3 in colon epithelial cells isolated from DSS-induced mice (n = 6) on Day 7
measured by RT-qPCR. Data are represented as mean =+ SD. Data of 71 are analyzed by two-way ANOVA followed by Bonferroni post hoc test.
Data of 7G and J are analyzed by one-way ANOVA followed by Bonferroni post hoc test. Not significant (ns), *P < 0.05, **P < 0.01, and
%P < 0.001.
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subunits, released upon activation of Ga-coupled receptors, directly
interacts with PI3K to activate the PI3Kvy/p-AKT (Thr308)
signaling pathway"*. Our results also showed that the agonistic
effect of linoleic acid was blocked by gallein but not pertussis toxin
(PTX), indicating that FFAR1-driven SOX9/NEUROGS3 regulation
was mainly conducted by G@y (Fig. S7D). Previous study
demonstrated that G protein-coupled receptor (GPCR) transduction
to PI3K/AKT prefers using Gy3 than other isoforms of the Gy
subunits*'. Here, we further found a preference for the GB2 subunit
in FFARI-meditated down-regulation of SOX9 expression
(Fig. STE). Together, we identified FFAR1 as the target of aloe
emodin and found that activated FFAR1 downregulates SOX9
expression via G(2y3/AKT/p-FOXO1 signaling pathway, which
can be blocked by aloe emodin.

4. Discussion

The epithelial layer serves as the structural foundation of the
mucosal barrier. Repetitive damage to the intestinal epithelium
leads to the disruption of the mucosal structure and function,
acting as a key driver of IBD recurrence**’. Recent research
has uncovered mucosal healing as a critical therapeutic goal for
the management of IBD***. Achieving complete restoration
of intestinal mucosal structure and function holds the promise of
sustained alleviation of clinical symptoms and reduced surgical
risks for patients>. However, current pharmacological treatments,
including 5-aminosalicylic acid (5-ASA) agents, glucocorticoids,
immunosuppressants and biologic agents, do not effectively
produce satisfactory results in mucosal healing, especially in
CD***". These medications primarily target immune inflamma-
tion control, offering limited efficacy in epithelium repair*®. In
the mechanistic study based on the natural product aloe emodin,
we found that preventing the differentiation of SOX9* LRCs to
EECs might improve the epithelium reconstruction. Our data
demonstrate that aloe emodin increased the self-repair capacity
of organoids consisting only of epithelial cells. Previous in vitro
experiments suggest that aloe emodin inhibit the production of
inflammatory cytokines in RAW264.7 cells*’. Thus, aloe
emodin-induced anti-inflammatory in vivo may be the result of a
mixture of epithelial barrier protection and inflammation inhi-
bition. Our previous study showed that 5-ASA did not increase
the self-renew capacity of epithelial organoids®”. And the other
laboratories also reported that the therapeutic effect of 5-ASA in
vivo is due to its significant induction of Treg cells’' 2. Thus,
although both aloe emodin and 5-ASA ultimately reached a
reduction in inflammatory cytokines in vivo, the mechanisms
involved are different. 5-ASA and many other anti-inflammatory
drugs have been found to be ineffective in many IBD patients,
especially CD patients. Therefore, we aims to find active com-
pounds that can promote mucosal repair in addition to anti-
inflammation. Under physiological conditions, LGR5" CBCs
are responsible for the renewal of epithelial cells, whereas in
colitis self-renewal capacity of LGR5" CBCs are suppressed*”.
Although we observed an upregulation of Lgr5 expression in the
aloe emodin treatment group, aloe emodin had no effect on
AXIN2' CBC number in organoids. This suggests that aloe
emodin did not directly benefit CBC amplification, but increased
LRCs that are eventually converted into additional CBCs. Our
further results based on SOX9" region captured by LCM also
supported that these aloe emodin-driven cells were
SOX9"HOPX" LRCs instead of LGR5" CBCs. It is worth
noting that a previous study has identified a colitis-associated

regenerative stem cell (CARSC) population that functionally
contributes to mucosal repair in mouse colitis™. CARSCs are
also marked by HOPX as well as LRCs, therefore CARSCs may
differentiate from LRCs in colitis-associated regeneration.
Considering that there is no evidence that CARSCs are precursor
cells of EECs, we still use LRCs here to define these aloe
emodin-driven cells. Recently, Hans Clever’s group™* used un-
biased transcription factor CRISPR screen to identify a master
repressor of EEC differentiation, and confirmed SOX4 as a direct
target gene. Earlier studies have pointed out that the develop-
ment of bile ducts is under precise control of the cooperative
action of SOX4 and SOX9™. In conjunction with our study, this
cooperation may dominate the EEC differentiation.

Evidence suggests that the intestinal epithelial cell-specific
FOXO1 knockout disrupts mucin secretion and exacerbates
inflammation in mice intestines, which is consistent with
our results. We further linked nuclear translocation of FOXO1 to
epithelial cell differentiation, creating a new therapeutic inter-
vention point. Nuclear-activated FOXO1 controls the expression
of downstream genes such as antioxidant stress enzymes, cell
cycle arrest genes, and apoptosis-related genes®*. Phosphorylation
is a crucial post-translational modification of FOXO1, and AKT-
mediated phosphorylation creates docking sites for the 14-3-3
proteins, which masks the nuclear localization signal, preventing
FOXO1 from entering the nucleus’™’. Previous reports have
indicated that FOXO1 is a negative regulator of NEUROG3" EEC
differentiation®®*°. FOXOI deletion increases the number of the
EEC population®®, and FOXO1 inhibition in EECs stimulates the
conversion of EECs into insulin-producing cells*”®'. One of these
studies noted that this conversion is due to alterations in Notch
(reduced Hesl expression) and Wnt signaling (increased Aes
expression)””, but did not give a more precise description at the
molecular level. We do not believe that altered Wnt/Notch switch
are the underlying causes. UMAP plots based single cell suggests
that EECs have a particular transcriptional profile compared to
other secretory epithelial cells. This indicates that EEC develop-
ment might be controlled by different mechanisms than the Wnt/
Notch switch that determines other secretory epithelial cell
differentiation.

In our opinion, this is a sequential process, similar to pancre-
atic development, where NEUROG?3 high expression in SOX9™
cells causes cell-cycle exit and endocrine commitment®”. In the
intestine, high-turnover, high-stemness SOX9" LRCs progres-
sively differentiate  into  distinctly  functioning EECs,
which requires FOXO1 inhibition. Persistent inhibition of FOXO1
promotes the differentiation of EEC into insulin-producing cells.
Our data demonstrate at the molecular level that FOXOT1 binds to
the promoter region of SOX9, suggesting that FOXO1 controls
this process through SOX9. For NEUROGS3, there possibilities
exist: (i) NEUROG3 might be an important controller of this
process, and FOXO1 might be its transcriptional repressor; (ii)
NEUROG3 might be an important controller of this process, but it
is regulated by other transcription factors; (iii) NEUROG3 might
just be a conspicuous marker, which undertakes certain functions
but does not determine the direction of differentiation. All these
need to be further investigated.

Moreover, it was observed, we found that several signaling
pathways in clinical data including TGF(, pyruvate metabolism,
autophagy and nuclear factor kappa B (NF-«B) are associated with
the balance of SOX9—NEUROG3 and have crosstalk with
FOXO1 pathway. Insufficient TGF@ signaling is an important
mechanism contributing to IBD pathogenesis®>®*, and TGF@ in
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chondrocytes specifically regulates FOXO1 in a TGF( activated
kinase 1 (TAK1)-dependent manner”. The over-differentiation of
LRC-EEC that we observed in CD patients and colitis mice might
be due to the impaired TGF3-FOXO1 pathway. Nuclear FOXO1
promotes the expression of pyruvate dehydrogenase kinase 4
(PDK4), which blocks pyruvate oxidative phosphorylation in
mitochondria®. Consistently, Schell et al.%” proposed that limiting
mitochondrial pyruvate metabolism is necessary and sufficient to
maintain the proliferation of CBCs. Interestingly, blocking mito-
chondrial oxidative phosphorylation results in Paneth cell abnor-
malities”. LRCs are also important precursors of Paneth cells in
the small intestine, which suggests that enough oxidative phos-
phorylation may promote further differentiation of LRCs to EECs
or Paneth cells, while impaired oxidative phosphorylation pro-
motes LRCs to retain their current state or dedifferentiate into
CBCs. However, considering that mature EECs themselves secrete
glucagon-like peptide 1 (GLP1), which promotes oxidative
phosphorylation®®, this may also be an adaptive regulation by
mature EECs themselves. Furthermore, cytoplasmic, rather than
nuclear, acetylated FOXO1 can interact with ATG7 thereby induce
autophagy-induced cell death®. This implies that reducing cyto-
plasmic FOXO1 by aloe emodin may decrease cell death induced
by excessive autophagy. NF-kB can shape metabolic adaptation by
inhibiting FOXO-mediated lipolysis through the inhibition of
histone deacetylation’’, suggesting that the inflammatory envi-
ronment in colitis may contribute to the impaired FOXO1 function
in epithelial cells, causing an to the imbalance of
SOX9—NEUROG3. Certainly, considering that NF-kB activation
is a typical feature of excessive inflammation, NF-«B enriching on
opposing side just implies that FOXO1 activation would lead to
comparatively lower levels of inflammation. We used the bro-
modomain-containing protein 4 (BRD4) specific inhibitor JQ-1 to
inhibit SOX9 transcript levels when demonstrating the importance
of SOXO9 for aloe emodin. This result became interesting when we
subsequently found that FOXOI1 is a key transcription factor
regulating SOX9. BRD4 acts as an epigenetic reader that binds to
hyperacetylated chromatin regions, recruiting mediator complexes
and chromatin modifiers to promote transcription initiation. JQ-1
represses SOX9 expression by blocking the binding of BRD4 to
the DNA regulatory region of SOX9°”. And, acetylation impairs
(but does not completely block) the DNA-binding activity of
FOXO1’". This raises the new possibility that BRD4 anchors the
binding of acetylated FOXOI1 to the SOX9 promoter sequence,
which could be blocked by JQ-1.

FFAR1 is a GPCR that senses medium- to long-chain fatty
acids. It is mainly expressed in pancreatic beta cells and enter-
oendocrine cells, where it mediates glucose-dependent insulin
secretion and sensitivity. The FFARI-activated Gaq signaling
triggers the release of Ca’" into the cytoplasm, activation of
protein kinase C, and enhancement of insulin and enteric proin-
sulin hormone release. Therefore, compounds targeting FFARI
can be effective treatments for type 2 diabetes’>. Although the
exact functions of FFAR1 within the gut are still being explored,
our study reveals a novel mechanism. We discovered that acti-
vating FFARI1 directly sets off a signaling cascade involving PI3K/
AKT/p-FOXO1. This process is mediated by the GB2y3 subunit
and ultimately leads to the differentiation of EECs that produce
the hormone glucagon (GCG). Furthermore, we identified a plant-
derived FFAR1 antagonist. Studies have shown that PI3K/AKT
activation inhibits FOXO1, but it is generally believed that its
activation occurs through insulin-stimulated insulin receptor (IR)
tyrosine kinase rather than GPCR activation’”. Our data revealed

that activated FFAR1 promotes AKT phosphorylation at the
Thr308 site through Gg7, thereby phosphorylating FOXO1 and
sequestering it in the cytoplasm. Furthermore, we observed a
preference for GG2 when FFAR1 was activated. When considering
previous research®’, G82Gy3 may be the predominant combina-
tion for GPCR-mediated AKT phosphorylation signaling.
Consistent with our results, linoleic acid, an endogenous ligand of
FFARI1, has recently been reported to increase susceptibility to
IBD”*7°, while previous views would suggest that this involves an
altered metabolic phenotype of inflammatory cells. Here we pro-
vide a description of how linoleic acid metabolism alters epithelial
cell differentiation, potentially expanding knowledge of the
impact of dietary structure on intestinal disease. Furthermore,
FFARLI is also expressed on immune cells like neutrophils and
macrophages, where it contributes to the regulation of the immune
response mediated by medium- and long-chain fatty acids. FFAR1
activation in neutrophils enhances IL-8 expression and chemotaxis
and prolongs neutrophil lifespan’’*", leading to pro-inflammatory
phenotype. In contrast, in macrophages, FFAR1 agonists induced
macrophage anti-inflammatory phenotype by mechanisms that
may be related to the expression of ATP-binding cassette (ABC)
transporter proteins®’ or nuclear localization of NF-xB%*%3
Theoretically, aloe emodin treatment tmay decrease the FFARI1
activity in both neutrophils and macrophages, leading to a
mixed effect on the inflammatory phenotype. Our results showed
that aloe emodin as an FFAR1 inhibitor alleviated inflammation in
the DSS model, suggesting that aloe emodin-mediated anti-in-
flammatory effects on neutrophils and epithelial cells outweighed
its pro-inflammatory effects on macrophage cells. This may be
explained by the different abundance of FFARI expression
(FFARI expression on enteroendocrine cells was significantly
higher than on other cells in gut®"), and the different degree of
exposure to the drug (neutrophil and epithelial cells are physically
closer to the intestinal lumen in COlitiSSS).

5. Conclusions

In conclusion, our study demonstrates that an anthraquinone
analogue from a traditional medicinal plant can suppress the over-
differentiation of EECs caused by activation of long-chain fatty
acid receptor FFARI1 in colitis, potentially providing new insights
into the treatment of IBD.
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