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Luteolin ameliorates ulcerative colitis in mice via reducing the
depletion of NCRILC3 through Notch signaling pathway
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[ABSTRACT] The disorder of group 3 innate lymphoid cells (ILC3) subgroup, such as the predominance of NCR'ILC3 but the deple-
tion of NCR'TLC3, is unfavorable to damaged intestinal barrier repair, which leads to the prolongations and obstinacy of ulcerative
colitis (UC). Our previous studies had shown that luteolin promoted NCR TLC3 differentitating into NCR'TLC3 to improving the de-
pletion of NCR'TLC3 in UC mice, while the mechanism is unclear. This article aimed to explore the underlying mechanism of luteolin
enhancing the proportion NCR'TLC3. UC mice model was established with 2% DSS and Notch signaling was blocked, then luteolin
was used to intervene. The results showed that the effect of luteolin on ameliorating disease symptoms in UC mice, including inhibit-
ing the weight loss, reducing the pathological damage of colon mucosa, efc., was diminished with blocking Notch signaling pathway.
In addition, luteolin increased the proportion of NCR'ILC3, NCR'MNK3 and IL-22'TLC3, decreased intestinal permeability, pro-
moted mucin secretion, and promoted ZO-1 and Occludin expression, the above effect of luteolin was neutralized by Notch inhibitor
LY-411575. Luteolin activated the abnormally blocked Notch signaling pathway in UC mice. And molecular docking predicted the af-
finity of luteolin for RBPJ to be —7.5 kcal-mol ' in mouse, respectively; the affinity of luteolin for Notchl and RBPJ was respectively
scored to be —6.4 kcal-mol ' and —7.7 kcal-mol ' homo sapiens. These results proved that luteolin is positive for enhancing the propor-
tion of NCR'TLC3 via Notch signaling, and it provides a basis for targeting NCR'TLC3 for restoring intestinal barrier function to alle-
viating ulcerative colitis.
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Introduction lium could solve this problem in UC P,

. . . . . The intestinal mucosal barrier is the first defense line of
Ulcerative colitis (UC) is a multifactorial refractory . . . . . . .
. . . ) . the intestine. Physiologically, a fully functional intestinal mu-
autoimmune disease characterized by mucosal inflammation . . . .

cosal barrier blocks the toxins, bacteria and viruses away to

avoiding the overactivation of the immune system “. Mucos-
al barrier destruction is the basic pathological feature of UC,

that begins in the rectum and continues to extend to the prox-
imal colon ™. The therapeutic strategy of UC mainly focuses
1B

on inhibiting the inflammation of the damaged mucosa . . e . . .
& £ intestinal mucosal permeability increases and intestinal anti-

gen activates intestinal-mucosal immune cells ©!. Further-
more, this abnormal immune system breaks intestinal im-
mune tolerance, even causes symbiotic microbial disorders,
which will eventually incur intestinal epithelial damage, or

But, this treatment principle fails to solve the tough problem
of colitis symptom persistence. Recently, studies have pro-
posed that restoring the integrity of intestinal mucosal epithe-
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make the damaged mucosa unfavorable to repair, resulting in
repeated attacks of UC ' .

Interleukin-22 (IL-22) is currently recognized as an im-
portant regulator of intraepithelial environmental homeostas-
is " 1L-22 is mainly derived from group 3 innate lymphoid
cells (ILC3) P! According to the expression of chemokine
(C-C motif) receptor 6 (CCR6), ILC3 can be divided into
two subtypes: CCR6 1LC3 and CCR6'ILC3. CCR6 ILC3
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was further including two subtypes according to natural
cytotoxicity receptor (NCR): NCR CCR6 ILC3 and
NCR'CCR6 ILC3. The former can secrete a large amount of
Interleukin-17a (IL-17a), while the latter mainly secretes IL-
22. NCR'ILC3 is closely related to mucosal repair "', which
is differentiated from NCR ILC3 via Notch signal path-
(1

In UC mice and UC patients, the NCR'ILC3 population
decreased ""*"*1. The imbalance of ILC3 subsets resulted in a

way

tilt in their effector cytokine levels and a decrease in IL-22
levels. Since ILC3-derived IL-22 is closely crucial to the pro-
motion of intestinal mucosal repair, for the most part,
NCR'ILC3 determines the level of IL-22 in the intestinal
lamina propria, the maintenance of intestinal NCR'ILC3
homeostatic is beneficial to the repair of damaged mucosal.

(3,4,5,7-tetrahydroxy  flavone) exists in
Dahuang Mudan Decoction 'Y and has a variety of pharma-
cological effects, such as anti-inflammatory, anti-allergic, anti-
tumor, antiviral, immune regulation and so on. In our previ-

Luteolin

ous study, we determined that Dahuang Mudan Decoction
and luteolin showed respectable therapeutic effect in UC
mice " Tt was also found that luteolin promoted the differ-
entiation of NCRILC3 to NCR'ILC3 in UC mice, thereby
maintaining the proportion of NCR'ILC3 and promoting the
repair of damaged intestinal mucosa in UC mice. Moreover,
the results of in vitro experiments showed that luteolin
enhanced the proportion of NCR'MNK3 via Notch signal-
ing 'Y, However, whether the mechanism by which luteolin
enhancing the proportion of NCR'ILC3 in vivo depends on
Notch signaling and the role of Notch signaling pathway in
UC remains unclear. Therefore, in this article, we focus on
exploring the mechanism of luteolin effecting on NCR'ILC3
in vivo.

Materials and Methods

Drugs and reagents

Dextranan sulfate (DSS) was purchased from MP Bio-
medicals (CA, USA), dissolved in sterile water to obtain 2%
Dss solution; Luteolin (> 98% purity) was purchased from
Yuanye Biological Technology Co., Ltd. (Shanghai, China),
dispersed in 0.5% sodium carboxymethylcellulose (CMC-Na)
to obtain 0.5 mg-mL™" luteolin solution; CMC-Na was was
purchased from Solarbio (Beijing, China, dissolved in hot
water); Hes1 (D6P2U) Rabbit mAb was purchased from CST
(1 : 1000, Boston, MA, USA); Anti-Notchl antibody, Anti-
Z0-1 antibody and Anti-Occludin antibody was purchased
from abcam (1 : 1000, Cambridge, UK); c-Myc was obtained
from AbMART (1 : 2000, Shanghai China); Goat Anti-
Mouse IgG H&L (HRP) and Goat Anti-Rabbit IgG H&L
(HRP) were purchased from Bei jing Bioss Biotechnology
Co., Ltd. (1 : 3000, Beijing, China); APC anti-mouse NCR,
APC anti-mouse IL-17A Antibody, and PE anti-mouse 1L-22
Antibody and Alexa Fluor 700 anti-mouse CD45 were pur-
chased from BioLegend (Calif., USA), all above antibodies
were diluted according to the recommended concentration in
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the instructions; Alcian Blue & Nuclear Fast Red Staining Kit
(pH2.5) was obtained from Beyotime Biotechnology Co.,
Ltd. (Shanghai, China); Fluorescein TSA Fluorescence Sys-
tem Kit and Cy3 TSA Fluorescence System Kit were pur-
chased from APExBIO Technology (HOU, USA); LY-
411575 was obtained from MCE(New Jersey, USA) '
Mouse IL-22, IL-17A, LPS enzyme-linked immunosorbent
assay (ELISA) kits were obtained from Jiangsu Enzyme In-
dustry Co., Ltd. (Jiangsu, China).

Animal treatment

70 C57BL/6] mice (specific pathogen-free, male, 6—8
week of age, weight 20—22 g) were purchased from Guang-
dong Zhiyuan Biomedical Technology Co., Ltd. (Guangzhou,
China). The mice were housed under specific pathogen-free
conditions, at 40%—80% humidity, a temperature of 24 +
1 °C, and a 12h light/dark cycle. All animal experimental pro-
cedures were approved by the Laboratory Animal Welfare
and Ethics Committee, School of Pharmaceutical Sciences,
Guangzhou University of Chinese Medicine. (No. ZYD-2022-
061).

After the end of adaptive feeding, the mice were ran-
domly divided into 5 groups: control group, model group, lu-
teolin group (10 mgkg™"), Notch inhibitor (LY-411575)
group (LY group, 2 mg-kg ' ") and LY-411575 (2 mg-kg™)
+ luteolin group (10 mg-kg™"). The control group was given
distilled water, and the other groups were treated with DSS to
drink freely for 5 days, and then replaced with distilled water
for 4 days, a total of four rounds to induce the UC model. In
the inhibitor group, Notch inhibitor (LY-411575) was in-
traperitoneally injected at the first day of model, and the oth-
er groups were also intraperitoneally injected with solvent.
After the first round of model, the normal group, the inhibit-
or group and the model group were intragastric with 0.5%
CMC-Na every day, the luteolin group and the inhibitor + lu-
teolin group were oral medication with luteolin every day for
a total of 31 days. The mice were sacrificed on day 37, there
were 12—14 mice survival each group, 6 mice were randomly
selected for Flow cytometry analysis, the remaining mice
were used for Western blot, Immunofluorescence, Small an-
imal imaging and so on. (see Fig. 1 for specific methods).
Disease activity index (DAI)

The weight of the mice was weighed and recorded every
day. Mice faeces were collected at least twice in one model-
ing cycle, and the characteristics of feces were recorded. Oc-
cult blood levels in mice feces were evaluated using occult
blood kits. Combined with body weight, fecal traits and fecal
occult blood condition, DAI score was performed '],

Colon length, thymus index and spleen index

On the 37th day of the experiment, the mice were anes-
thetized with carbon dioxide (CO,) for orbital blood extrac-
tion and then sacrificed. The natural extension length of the
colons was measured and photographed. Spleen and thymus
of mice were weighed and recorded, and spleen index and
thymus index were calculated "% .

Hematoxylin and eosin (H&E) kits
The mucosal inflammation in UC begins in the rectum
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uteolin group Blank solvent (0.2 mL/10 g/2 d)

P 0.5% CMC-Na (0.2 mL/10 g/d)
Notch inhibitor (LY) group LY411575 2 mgkg2 d
. Luteolin group 1€ kg/day
LY + luteolin group LY-411575 2 mg/kg/2 d
Green marker--intragastric administration
Blue marker--intraperitoneal injection
Fig. 1 Establishment of ulcerative colitis mouse model. A,

Chemical Structures of Luteolin and LY-411575 B, Adminis-
tration schedule.

and continues to extend to the colon, In order to exclude the
effect of different positions of the colon on the experimental
results, consistently, the colon segment 2 cm from the mouse
anus (about 1.5 cm) was cut out and soaked in 4% paraform-
aldehyde for later use. After dehydration, embedding, and fi-
nally we used paraftin slicer to slice the tissue into 4 um sec-
tions. Hematoxylin and eosin (H&E) kits were used to stain
Sections, the cytoplasm is stained light red and the nucleus
appears blue. And the microscopic vision of colon were ob-
served with a microscope (Olympus, Japan) at 200 x &630 x
magnification.
Peripheral blood analysis of mice

20 uL of mouse peripheral blood was taken and mixed in
an anticoagulant tube containing 0.1% heparin sodium solu-
tion to ensure that there were no clumps, and then Veterinary
blood cell analyzer (Mindray Biomedical Electronics Co.,
Ltd., Shenzhen BC-2800Vet) was used to detect the level of
white blood cells (WBC) and red blood cells (RBC), the pro-
portion of monocytes (Mon%), granulocyte (Gran%), lymph-
ocytes (Lymph%), and hemoglobin (HGB) content in peri-
pheral blood of mice.
Small animal imaging

On the 35th day of modeling, two mice were randomly
selected from each group. After fasting for 12 h. The FITC-
Dextran powder was prepared into a FITC-Dextran solution
with a concentration of 2.5 mg-mL™" using sterile water. The
mice were intragastric administrated at 0.2 mL/10g (50
mg-kg™"). Four hours later, the distribution of FITC-Dextran
in the intestines of the mice was observed with small animal
imaging system (NIGHT OWL LB 983, Germany).
Alcian blue & nuclear fast red staining

Alcian blue & nuclear fast red staining kit (Beyotime)
was used to detected the mucin in colon according to the in-
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structions.
Immunofluorescence

Using the TSA Fluorescence System Kit (ApexBio), the
tight junction protein was examined and visualized by using
immunofluorescence microscopy. Basically, the colon tissue
was stained with rabbit anti-Occludin mAb (1 : 200 dilution,
abcam), rabbit anti-ZO-1 mAb (1 : 200 dilution, abcam), rab-
bit anti-Hes1 antibody (CST, 1 : 200 dilution), rabbit anti-
Notchl antibody (abcam, 1 : 100 dilution), and goat anti-rab-
bit-HRP (Bioss,1 : 200) were used as secondary antibody.
TSA amplification was then performed with FITC/cy3 tyram-
ide and cell nucleus (DNA) was marked with DAPI (Solar-
bio), finally fluorescence microscopy was used to observe the
fluorescence distribution of proteins in colon.

Western blot

Nuclear and Cytoplasmic Protein Extraction Kit
(Beyotime, China) was used for obtaining colon tissues pro-
tein, and then electrophoresis to separating the proteins in
10% or 12% SDS-PAGE (load is 40 pg protein) and trans-
ferred onto PVDF membranes (0.45 pm). Membranes were
treated with 5% skim milk and incubated with the primary
antibody (ZO-1, Occludin, Notchl, Hes1, c-Myc, and f-actin)
at4 °C for 12 h. Membranes were washed with TBS and in-
cubated with an HRP conjugated secondary antibody for 1 h
at room temperature. Proteins were visualized using ECL
substrate and determined using ImageJ software.

Flow cytometry

The method of obtaining single-cell suspension is re-
ferred to the literature "*. Cells were divided equally into
two. Cells were incubated with Surface labeled antibody for
30 minutes at room temperature in the dark. After that, cells
were dealed with FIX&PERM Cell Immobilization/Per-
meation Kit (Thermo Scientific) for 40 minutes, which con-
duced to antibodies permeate into the intracellular while en-
suring none impact on morphological scattering properties of
cells. Then, the cells were stained with intracellular labeled
antibody. The first flow cytometry staining strategy:
Lineage CD45'RORgammat NCR"; The second flow cyto-
metry staining strategy: Lineage’CD45 RORgammat'TL-
17a”/IL-22". Finally, BD LSR Fortessa was used to examine.
Cell experiment

We used the MNK3 cell line, which expresses ILC3-as-
sociated signaling transcription factors, cytokines, adhesion
molecules, and chemokine receptors, and is considered to be
an in vitro study system for ILC3.

MNK3 cells were obtained from Bluetbio Biology Tech-
nology Development Co., Ltd. (Shanghai, China). DMEM
medium containing 10% fetal bovine serum and 1% penicil-
lin/streptomycin was incubated in 5% CO, at 37 °C.

MNK3 cells were divided into four groups: Control
group, inhibitor group (2 pmol-L™" ™), luteolin group (LY,
3.125 pmol-L™"), and inhibitor + luteolin group. All drugs
were incubated with MNK3 cells for 24 h.

Protein—ligand docking and interaction profiling
From the PubChem database (https://pubchem.ncbi.
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nlm.nih.gov/) to determine the composition of the active
compounds in name, molecular weight, download the 3D
structures for mouse musculus RBPJ [PDB ID: 3IAG 2%,
homo sapiens RBPJ [PDB ID: 6WQU 2 and homo sapiens
Notchl [PDB ID: 4CUD "**] from the RCSB PDB data-
base (http://www.rcsb.org/). Then, AutoDock software was
used to prepare ligands and proteins required for molecular
docking. For the target protein, its crystal structure removed
water molecules, hydrogenated, modified amino acids, optim-
ized energy and adjusted force field parameters, and then, the
low energy conformation satisfying the ligand structure is ob-
tained.
Statistical analysis

Statistical analysis of data was carried out by GraphPad
Prism software v8.3.0 software. The homogeneity test of
variance was carried out for those conforming to normal dis-
tribution, multiple groups of data meeting the homogeneity of
variance were tested by the analytical Dunnett method in one-
way variance, while those not meeting the homogeneity of
variance were tested by Dunnett’s T3. The non-parametric
Kruskal-Wallis test is used to compare the data of multiple
independent samples that do not conform to the normal distri-
bution and the homogeneity of variance. P <0.05 was con-
sidered statistically significant.

Results

Non-redundant role of Notch signaling pathway in luteolin
treated UC mice

Effectiveness is the basis for the mechanism of action.
We first investigated the role of Notch signaling pathway in
the treatment of UC mice with luteolin. Blocking Notch path-
way did not worsen the weight loss and DAI score increase in
UC mice, but impaired the effects of luteolin (Figs. 2A and
2B). The results of colon length and spleen index showed that
blocking Notch pathway had no effect on colon length short-
ening and spleen enlargement in UC mice, but aggravated
thymus atrophy. The effects of luteolin on restoring colon
length and alleviating spleen enlargement and thymus at-
rophy in UC mice were weakened (Figs. 2C—2E). In addition,
the colon glandular arrangement of UC mice was disordered
or even disappeared, with a large number of inflammatory
cell infiltrates. After treatment with luteolin, the inflammat-
ory infiltration was reduced, and the glands partially re-
covered, while blocking Notch signaling pathway did not ag-
gravate the above situation, but the effect of luteolin was
neutralized. These results suggest that Notch signaling plays
an indispensable role in the effect of luteolin on the improve-
ment of UC mice related disease symptoms.
Analysis of peripheral blood cells in UC mice and interven-
tion of luteolin

Peripheral blood of mice was detected by veterinary
blood cell analyzer. The results showed that the number of
white blood cells (WBC), the proportion of monocytes
(Mon%) and granulocyte (Gran%) in the peripheral blood of
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UC mice increased significantly, while the proportion of
lymphocytes (Lymph%), the number of red blood cells
(RBC) and the content of hemoglobin (HGB) decreased sig-
nificantly. After luteolin treatment, the number of WBC,
Mon% and Gran% in the peripheral blood of UC mice could
be reduced, and Lymph%, RBC and HGB is increased (Fig.
3). However, after Notch signaling pathway was blocked,
there was no significant effect on Mon%, Gran%, Lymph%,
WBC number, RBC number and HGB content in UC mice
(Fig. 3A), but the above effect of luteolin was reversed.
These results suggest that luteolin improves the level of peri-
pheral inflammation and anemia in UC mice depending on
Notch signaling pathway.
Blocking the Notch signaling pathway prevents luteolin from
repairing damaged intestinal barrier

The barrier destruction caused by mucosal ulcer is the
basic pathological change of UC. So, we next investigated the
effect of Notch pathway and luteolin on damaged intestinal
mucosa in UC mice. Results of small animal imaging showed
that FITC-dextran fluorescence intensity of UC mice and
Notch inhibitor-treated UC mice increased at the colon, indic-
ating increased colon permeability, besides, the content of
LPS in UC mice was increased, which indicated that the in-
testinal barrier was impaired and colon permeability in-
creased, and luteolin reduced colon permeability of UC mice
(Figs. 4A—4B). The results of Alcian blue staining showed
that luteolin increased the mucin content (the area of blue re-
gion) in the colon of UC mice (Fig. 4C); HE staining results
also showed that luteolin enhanced the number of goblet cells
in UC mice (Fig. 2G). Multiple immunofluorescence and WB
results showed that the expression of tight junction proteins
Z0-1 and Occludin in colon of UC mice and UC mice treated
with Notch inhibitor decreased, while the expression of ZO-1
and Occludin in UC mice treated with luteolin increased
(Figs. 4D—41). After blocking Notch signaling in UC mice,
the favour of luteolin on intestinal barrier function was
greatly neutralized.
luteolin restored NCR'ILC3 proportion in UC mice via Notch
signaling

It had been confirmed that luteolin was favourable for in-
testinal barrier function in UC mice, and then we researched
into its mechanism. IL-22 is currently recognized as an im-
portant regulatory factor that promote the repair of the im-
paired intestinal barrier, and IL-22 in the intestine is mainly
derived from ILC3, especially the NCR'ILC3, which is a
powerful source of IL-22. Multiple immunofluorescence was
used to identify RORyt NCRcells in the colon (Supplement-
ary Fig.1). Results showed that the proportion of ILC3 had no
significant difference, but the proportion of NCR'ILC3 and
IL-22°TLC3 in UC mice decreased significantly, which in-
creased significantly after luteolin treatment, while these ef-
fects of luteolin were weakened after Notch inhibitor treat-
ment (Figs. SA—5F). These results suggest that the mainten-
ance of NCR'ILC3 and IL-22°ILC3 by luteolin is dependent
on Notch signaling pathway. It is worth noting that the pro-
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P < 0.0001 vs control group; “P < 0.05, **P < 0.001, **P < 0.000 vs Model

group; *P < 0.05, ****P < 0.0001 vs LY group. Data are the mean + SD.

portion of IL-17a'TLC3 in UC mice administrated with Notch
inhibitor LY-41157 is decreased, and the analysis of correla-
tion results also showed that the proportion of NCR'ILC3
was positively correlated with the proportion of I1L-22'TLC3,
while the proportion of NCRILC3 had none correlation with
the proportion of IL-17a’TLC3 (Figs. 5G—5L). Experiments in
vitro showed that luteolin promoted the proportion of
NCR'MNK3, increased IL-22 level and decreased IL-17a
level, due to the intervention of Notch inhibitor (LY-LY-
411575), the effect of luteolin was prevented (Fig. 6). The

results indicated that luteolin increased the proportion of
NCR'ILC3 was highly depended on Notch signaling path-
way.
Notch signaling pathway in UC mice and the intervention of
luteolin

since the non-redundant role of Notch signaling pathway
in luteolin treating UC mice had been identified, we next
monitored the Notch signaling in UC mice, on the one hand,
to clarify the effect of luteolin on Notch signaling, and on the
other hand, to test whether Notch inhibitor LY-411575 exerts
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Fig. 3 Observation of peripheral blood cells in UC mice and intervention of luteolin. A, White blood cell (WBC) counts in peri-
pheral blood (n = 6); B, The proportion of peripheral blood granulocytes (Gran%, n = 6); C, The proportion of peripheral blood
lymphocytes (Lymph%, n = 6); D, The proportion of peripheral blood mononuclear cells (Mon%, n = 6); E, Red blood cell (RBC)
counts in peripheral blood (n = 6); F, Hemoglobin (HGB) content in peripheral blood (n = 6). LY, Notch inhibitor, LY-411575, 2

mg-kg™'; Luteolin, 10 mg-kg '; LY + luteolin, LY-411575 (2 mg-kg ') + Luteolin (10 mg-kg ). "P < 0.05,” P < 0.01,
P < 0.0001 vs control group; “P < 0.05, P < 0.01 vs Model group; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs LY

sedex

group. Data are the mean = SD.

its effect. Immunofluorescence results showed that colon
Notchl receptor protein and downstream target protein Hesl
fluorescence signals in UC mice and LY-411575 treated UC
mice were weak, which was enhanced after luteolin treat-
ment. However, this effect of luteolin was reversed after
Notch signaling (y-secretase inhibitor) was blocked (Figs.
7A—7B). WB results showed that LY-411575 treatment fur-
ther blocked Notch signaling in UC mice. Although luteolin
restored the abnormally blocked Notch signaling pathway in
UC mice, it’s fail to reverse the effect of LY-411575 (Figs.
7C—=7F). The results revealed that luteolin activated Notch
signaling pathway in UC mice.
Prediction of the target of luteolin action on Notch signaling
pathway

Since it has been found that luteolin restored abnormally
inhibited Notch signaling pathway in the colon of UC mice,
considering that Notch signaling activation was involved in
multiple complex aspects, we conducted molecular docking
between luteolin and key proteins in the Notch signaling
pathway to evaluate their affinity and binding sites. The mo-
lecular docking results of Luteolin and RBPJ (mus musculus)
protein showed that luteolin 5-hydroxyl was bonded to LEU
(C: 101) and ASN (C: 147) by hydrogen bond, 5'-hydroxyl
was bonded to GLU (C: 120) and SER (C: 123) by hydrogen
bond. In addition, luteolin B& C rings formed Pi-Alkyl inter-
actions with PRO (C: 125) and B rings formed Pi-Cation in-
teractions with LYS (C: 110). The affinity of luteolin with

wk

P <0.001,

RBPJ (mus musculus) was —7.5 kcal-mol™', indicating high
binding capacity (Fig. 8A). The affinity of luteolin with
Notchl (homo sapiens) and RBPJ (homo sapiens) was re-
spectively —6.4 kcal'mol™ and —7.7 kcal-mol”', indicating
high binding capacity (Figs. 8B—8C).

Discussion

The clinical features of ulcerative colitis include but
don’t limit to diarrhea, mucous, pus and blood stools and
weight loss. DAI score reflected weight loss, fecal character-
istics and severity of stool blood in UC mice, DAI score was
decreased with luteolin treatment. All the pharmacodynamics
indicators in this article showed that luteolin ameliorated UC
related symptoms. In fact, The ideal state of the drug deliv-
ery system in UC treatment is to deliver the drug to the in-
flamed colon at a maximum dose to minimize systemic drug
exposure and reduce side effects. Yan etc.. developed two
functionalized nanoparticle (NP) for efficient Pterostilbene
(rapid plasma clearance) delivery to treat UC ****!. Although
luteolin shows low bioavailability, applicable dosage form
and drug delivery system are good at dealing with those prob-
lems.

It is worth noting that UC mice treated with Notch inhib-
itors showed mild symptoms in the early stages, but it’s
worsened at the third round of model. In fact, Notch signal-
ing was activated in the incipient stage of tissue injury, which

further aggravated the inflammatory response in mice %***.
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Fig. 4 Effect of luteolin on intestinal epithelial permeability in UC mice and intervention of LY-411575. A, Distribution of FITC-
dextran was detected by small animal imaging (n = 3); B, content of LPS inplasma in UC mice (n=9); C, Mucin (blue) was detec-
ted by alcian blue & nuclear fast red staining kit (200 %, n = 6); D—F, Expression of ZO-1, Occludin proteins were determined by
WB (n = 5); G-I, TJ proteins ZO-1, Occludin were observed by immunofluorescence (200 x, n = 3) LY, Notch inhibitor, LY-

411575, 2 mg-kg'; Luteolin, 10 mg-kg '; LY + luteolin, LY-411575 (2 mg-kg ")+Luteolin (10 mg-kg"). " P < 0.001,

e

P <0.0001

vs control group; “P < 0.001, “*P < 0.0001 vs Model group; *P < 0.05, ***P < 0.001, ****P < 0.0001 vs LY group. Data are the

mean £ SD.
Therefore, inhibiting Notch signaling in the early stages of
the inflammatory response actually improves the symptom of
UC. In the later stage of injury or inflammation, the repair of
intestinal epithelium requires up-regulation of Notch signal-
ing pathway, which contributes to epithelial regeneration and
enhances the barrier function of intestinal epithelium .
Therefore, Notch signaling is a double-edged sword in UC,
activation or inhibition of Notch signaling pathway at the ap-
propriate time provide beneficial effects on UC.

It is generally believed that abnormal intestinal epithelial

®

barrier function precedes the occurrence of UC, and the ab-
normal differentiation and proliferation of intestinal epitheli-
al cells is an important cause of the abnormal intestinal mu-

B Notch pathway has been shown to

cosal barrier function
be the key to guiding progenitor cell differentiation into ab-
sorbent and secretory cell fates '!. Notch signaling pathway
protects intestinal mucosal barrier function by promoting the
expression of tight junction protein. Previous studies had
shown that in mice intestinal or Caco-2 cells, the loss of

Notch signal significantly reduced the expression of proteins
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Fig. 5 Luteolin dependent Notch signaling increased the proportion of NCRTLC3 and IL-22TLC3 in UC mice. A&B, The pro-
portion of TLC3 in UC mice were detected by flow cytometry (n = 5).; C&D The proportion of NCR'TLC3 in UC mice were detec-
ted by flow cytometry (n = 5). E&F, The proportion of IL-22°TLC3 in UC mice were detected by flow cytometry (n = 5). G&H,
The proportion of IL-17a'TLC3 in UC mice were detected by flow cytometry (n = 5). I&J, Correlation analysis between the pro-
portion of NCR'TLC3 and the proportion of IL-22'TLC3 (n = 25); K&L, Correlation analysis between the proportion of
NCR'ILC3 and the proportion of IL-17a‘ILC3 (n = 25). LY, Notch inhibitor, LY-411575, 2 mg-kg "' ; Luteolin, 10mg-kg™'; LY +
luteolin, LY-411575 (2 mg-kg ' )+Luteolin (10 mg-kg™). "P < 0.05,” P < 0.01 vs control group; “P < 0.05, “P < 0.01, **P < 0.0001
vs Model group; “P < 0.05, ****P < 0.0001 vs LY group. Data are the mean = SD.

such as Occludin, ZO-1, Claudin-1 and Claudin-5, resulting function and differentiation of intestinal epithelial cells but
in the imbalance of tight junction protein complex and the de- also maintains the function of the intestinal immune system.
crease in transepithelial resistance, finally, the intestinal barri- Our experiment proved that luteolin relies on Notch signal-
er function is impaired ">, ing to increase the proportion of NCR'ILC3 in UC mice. The

Notch signaling pathway not only directly regulates the activation of Notch signaling in NCR'ILC3 stimulates the ex-
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Fig. 6 Luteolin dependent Notch signaling increased the proportion of NCR'MNK3. A&B, The proportion of NCR'MNK3 in
UC mice were detected by flow cytometry (n = 3). C, The content of IL-22 in MNK3 cells was detected by ELISA (n = 3). D, The
content of IL-17A in MNK3 cells was detected by ELISA (n = 3). LY, Notch inhibitor, LY-411575, 2 pmol-L"; Luteolin, 3.125

pmol-L™'; LY + luteolin, LY-411575 (2 pmol-L")+Luteolin (3.125 pmol-L™). "P < 0.05, P < 0.01, ""P < 0.001,

pen sesedes

P <0.0001 vs

control group; *P< 0.05, ***P< 0.001 vs LY + luteolin group. Data are the mean = SD.

pression of T-bet, RORyt and AhR, which is conducive to the
differentiation of NCRTILC3 into NCRILC3 "', T-bet dir-
ects the expression of NKp46 (NCR), a natural cytotoxic re-
ceptor ®. RORyt is a highly dependent nuclear transcription
factor for ILC3, losing the expression of RORyt, NCR'ILC3
will further differentiate into ex-ILC3 and secrete INF-y P,
AhR is essential for the development of ILC3 and regulates
the expression of RORyt and the production of IL-22 P9, It
has been reported that activation of Notch signaling promot-
ed the differentiation of naive CD4 " T cells into Th22 cells,

Control Model LY

Notchl

DAPI

Merge

Q

Mean/(Notch1)

Luteolin LY + luteolin

this is the key to T cells for the production of IL-22 ®"** In
fact, ILC3 is functionally similar to Th17 and Th22, which
secretes the Th17 and Th22-like cytokines IL-22, IL-17, and
GM-CSF .

The role of IL-22 in promoting intestinal epithelial re-
pair is well established *”". The level of intestinal IL-22 was
decreased in UC patients, and supplementation of exogenous
IL-22 promoted the intestinal epithelium repairing to allevi-
ate UC ™. ILC3, especially NCR'ILC3, is an important
source of intestinal IL-22. We found that luteolin increased
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Fig. 8 Molecular docking and interaction profiling. A, Lu-
teolin to the active-site cleft of mouse musculus RBPJ (affin-
ity = -7.5 kcal~molf'); B, Luteolin to the active-site cleft of
homo sapiens Notchl (affinity = —6.4 keal-mol™); C, Luteolin
to the active-site cleft of homo sapiens RBPJ (affinity = —7.7
keal-mol ™).

the proportion of intestinal NCR'ILC3 and IL-22"ILC3 in UC
mice. Analysis of correlation results showed that promoting
the proportion of NCR'ILC3 was conducive to the mainten-
ance of IL-22 level in colon, which was favorable to the re-
covery of intestinal barrier function after colon injury.
IL-22 promoted the differentiation of mucus-producing gob-
let cells and participated in the formation of the mucous lay-

P <0.001 vs control group; *P < 0.01, ** P < 0.001, **P < 0.0001 vs Model group; ****P < 0.0001 vs LY group. Data

er ™, IL-22 stimulated intestinal epithelium and Paneth cells
to produce high levels of antimicrobial peptides and main-
tained intestinal homeostasis “*'; IL-22 enhanced the tight
junction protein and other mechanisms to promote intestinal
epithelium repairing ™*¥; TL-22 promoted the proliferation of
Ki67 intestinal epithelial cells via affecting the development
of Lgr5'ISCs to repair the epithelium “.

It had been reported that NCR'ILC3 is dominant in UC,
which incured spontaneous colitis and bacteria-driven colitis
by secreting IL-17a %, IL-17a induced epithelial cells and
endothelial cells to release chemokines and infiltrated a large
number of inflammatory cells into the inflammatory site, res-
ulting in the breakdown of intestinal epithelial tight connec-
tions, the increase of intestinal permeability, a large number
of antigens invading the intestinal barrier, over-activation of

021 al-

immune response, and aggravation of inflammation
though our experimental results showed that there was no
correlation between the proportion of NCR'ILC3 and the pro-
portion of IL-17a’ILC3, which showed a negative correlation
after deleting the data of LY group and LY + luteolin group
(Supplementary Fig.2). This suggested that inhibition of
Notch signaling regulated ILC3 secreting IL-17a via other
ways.

LY-411575 is a potent y-secretase inhibitor ""'*). The y-
secretase produces the second cleavage event at the S3 site of
Notch transmembrane domain, resulting in the release of the
Notch intracellular domain (NICD), which is subsequently
transferred to the nucleus to bind to RBPJ, thereby activating
downstream target genes . Luteolin didn’t promote the ex-
pression of Notch signal pathway downstream proteins Hesl
and c-Myc after blocking gamma-secretase, which suggested
that luteolin didn’t target y-secretase. At the same time, the
results of molecular docking predicted that luteolin had good
binding ability with Notchl receptor and RBPJ in both mouse
and Homo sapiens. In fact, there are many emerging techno-
logies such as single-cell multiomics, network pharmacology,
and artificial intelligence in the pharmacological studies of
natural products to provide insights for the development of
innovative natural product-based drugs “*”. In brief, our
study have shown that Notch signaling is expected to be a po-
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tential target for luteolin in UC treatment strategies in future.
Conclusion

To the best of our knowledge, this is the first description
of the non-redundant role of Notch signaling pathway on lu-
teolin ameliorating ulcerative colitis in mice through enhan-
cing the proportion of NCR'ILC3. Intestinal mucosal repair is
the latest strategy for the treatment of ulcerative colitis (UC).
IL-22 is a key cytokine to promote mucosal repair, and the
level of IL-22 mainly depends on NCR'ILC3, so maintaining
the number and function of NCR'ILC3 is favorable to pro-
mote UC mucosal repair. In this study, mucosal repairing was
taken as the starting point, and the immune mechanism of lu-

teolin improving UC by maintaining the amount of

NCR'ILC3 was investigated thoroughly, and on this basis,
the role of NCR'ILC3 in UC was further perspicuous.All the
results show that Notch signaling was down-regulated in UC
mice, and luteolin targeted Notch signaling pathway and pro-
moted the proportion of NCR'ILC3 to enhance the level of
IL-22.
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