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Introduction

Limonin alleviates high-fat diet-induced
dyslipidemia by regulating the intestinal barrier via
the microbiota-related ILC3-1L22-IL22R pathwayt

Wangling Wu, “& Yingying Pan, Tianyan Zheng, Haoyi Sun, Xia Li, Haiyan Zhu,
Zheng Wang and Xin Zhou*

High-fat diet (HFD)-induced dyslipidemia is frequently accompanied by gut microbiota dysbiosis and a
compromised gut barrier. Enhancing the intestinal barrier function emerges as a potential therapeutic
approach for dyslipidemia. The ILC3-IL22-IL22R pathway, which responds to dietary and microbial
signals, has not only attracted attention for its crucial role in maintaining the intestinal barrier, but recent
reports have also suggested its potential in regulating lipid metabolism. Limonin is derived from the
Chinese herb Evodiae fructus, which has shown potential in ameliorating dysbiosis of serum lipids.
However, its underlying mechanisms remain elusive. Consequently, targeting the ILC3-IL22-I1L22R
pathway to enhance intestinal barrier function holds promise as a therapeutic approach for dyslipidemia.
In this study, male C57BL/6 mice were subjected to a 16-week HFD to induce dyslipidemia and concur-
rently administered oral limonin. We discovered that limonin supplementation dramatically reduced serum
lipid profiles in HFD-fed mice, significantly curbing HFD-induced weight gain and epididymal fat accumu-
lation. Ileal histopathological evaluation indicated limonin’s ameliorative effects on HFD-induced intestinal
barrier impairment. Limonin also moderated the intestinal microbiota dysbiosis, which is characterized by
the elevation of Firmicutes in HFD mice, and notably amplified the abundance of probiotic Lactobacillus.
In addition, supported by flow cytometry and other analyses, we observed that limonin upregulated the
ILC3-1L22-1L22R pathway, enhancing phosphorylated STAT3 (pSTAT3) in intestinal epithelial cells (IECs),
thereby reducing lipid transporter expression. In conclusion, our study revealed that limonin exerted a
promising preventive effect against HFD-induced dyslipidemia by the mitigation of the intestinal barrier
function and intestinal microbiota, and its mechanism was related to the upregulation of the ILC3-IL22-
IL22R pathway.

Study (GBD) suggested that socioeconomic development and
the ubiquitous “Western” high-sugar and high-fat diet intake

Dyslipidemia is a general term that encompasses all disorders
of lipid metabolism, mainly referring to the increased plasma
concentrations of total cholesterol (TC), triglycerides (TG) or
low-density lipoprotein cholesterol (LDL-C), or the decreased
plasma concentrations of high-density lipoprotein cholesterol
(HDL-C) or a combination of these characteristics." Crucially,
dyslipidemia stands as a significant risk factor for ischemic
heart disease (IHD), one of the leading causes of global mor-
tality.” In 2019, ~4.40 million deaths and ~98.62 million dis-
ability-adjusted life years (DALYs) were attributable to high
plasma LDL-C levels.®> The 2017 Global Burden of Disease
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are considered the main reasons for the increase in plasma
lipid levels, while high plasma LDL-C levels are one of the
main risk factors for all-cause risk attributable burden in
2017.* While the extensive use of statins in high-income
countries has significantly decreased plasma LDL-C levels and
cardiovascular disease-related deaths,” their accessibility
remains limited in low-income countries.® Consequently, dysli-
pidemia continues to be an underdiagnosed and undertreated
condition globally.>

Numerous studies have reported that the consumption of
HFD contributed to gut microbiota dysbiosis and intestinal
barrier function impairment.””® The intestinal barrier consists
of intestinal epithelial cells and immune cells.” When dietary
lipids are digested in the lumen, they are transported into the
enterocytes through specialized lipid transporters.'® Therefore,
intestinal barrier integrity and functional homeostasis provide
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an important guarantee for appropriate lipid metabolism.
Group 3 innate lymphoid cells (ILC3s) are one of the novel
populations of innate lymphoid cells (ILCs), most of which are
concentrated in the intestinal lamina propria and mucosal
tissue, and participate in maintaining epithelial integrity and
barrier function.'™'? Intestinal ILC3s are characterized by the
expression of RORyt" and interleukin (IL)-22."* They can inte-
grate environmental signals, including diet and microbiota, to
stimulate the production of IL-22.™* Specifically, the gut micro-
biota and metabolites can enhance ILC3s through the aryl
hydrocarbon receptor (AhR) pathway,"® as well as regulate the
functional response of ILC3s through toll-like receptor (TLR)
signaling," leading to the production of IL-22. IL-22 binds to
the IL-22 receptor (IL-22R) expressed in IECs, activating the
STAT3 transduction pathway, and stimulating the production
of intestinal antimicrobial peptides (RegIlI} and RegIlly),
thereby promoting the intestinal barrier.'®*® Recently, studies
have shown that the ILC3-IL22 pathway can modulate intesti-
nal lipid transporters, thereby reshaping host lipid metabolism
in the absence of adaptive CD4" T-cells."> Supplementation
with dietary fiber has been shown to induce IL-22 in a micro-
biota-dependent manner, thereby protecting HFD-induced
metabolic syndrome.*® What remains unequivocal is that the
ILC3-1L22-IL22R pathway is not only solely linked to the intesti-
nal barrier but also deeply intertwined with host metabolism.
Furthermore, the gut microbiota plays a crucial role in regulat-
ing gut lipid metabolism and the gut barrier.”*'® The gut
microbiota can convert complex carbohydrates and sugars into
short-chain fatty acids (SCFAs), orchestrating the host energy
balance.>* Certain intestinal microbiota, such as Lactobacillus
and Bifidobacterium, have been shown to promote the intestinal
barrier function.>®?® In conclusion, the ILC3-IL22-IL22R
pathway, which is influenced by the gut microbiota, can amelio-
rate intestinal barrier impairment and represents a potential
therapeutic target for HFD-induced dyslipidemia.

Limonin (Fig. 1A), also known as evodin, is a natural tetra-
cyclic triterpenoid compound that widely exists in the tra-
ditional Chinese herb Evodiae fructus and citrus fruits, and
exhibits extensive pharmacological effects, including anti-
cancer, anti-inflammatory, anti-bacterial, anti-viral, anti-
oxidant, anti-obesity, and hepatoprotective effects etc.””
Limonin has low solubility, poor oral absorption, and low bio-
availability, and a large portion of oral limonin is not absorbed
and persists in the gut, which may lead to alterations in the
gut microbiota.>”*® Research has demonstrated that limonin
therapy significantly enriched Bacteroidetes while inhibiting
Firmicutes, and considerably boosted the abundance of the
genus Oscillospira to lower incidence of inflammatory bowel
disease and leanness in humans.*® Limonin also ameliorated
indomethacin-induced intestinal damage and ulcers.”
Noteworthily, limonin significantly reduced serum TC and TG
levels in obese mice®® and diminished the accumulation of
lipid droplets in the liver, in addition to downregulating the
levels of lipogenic transcription factors FASN and SREBP1 in
non-alcoholic fatty liver disease (NAFLD).*! Yet, it remains
unclear whether limonin’s improvement of dyslipidemia is
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related to the regulation of the gut barrier and gut microbiota.
Therefore, the purpose of this study was to investigate whether
the anti-dyslipidemic effect of limonin is related to the intesti-
nal barrier and intestinal microbiota and to explore its mecha-
nism based on the ILC3-IL22-IL22R pathway.

In this study, we utilized C57BL/6 mice subjected to a high-
fat diet, mimicking the western high-fat diet pattern, to investi-
gate the underlying mechanism of limonin in improving HFD-
induced dyslipidemia. 16S rRNA gene sequencing was used to
investigate the composition of the gut microbiota. Then, the
proportion of RORyt" ILC3s was analyzed by flow cytometry. By
using immunofluorescence and quantitative reverse transcrip-
tion polymerase chain reaction (qRT-PCR), we further deter-
mined the levels of molecules connected to the ILC3-IL22-
IL22R pathway. We also used western blot to detect the lipid
transporter levels. In addition, we comprehensively analyzed
the relationship between specific intestinal microbiota and
intestinal barrier function biomarkers, to explore the mole-
cular mechanism of limonin against HFD-induced dyslipide-
mia based on the ILC3-IL22-IL22R pathway.

Materials and methods
Drugs and reagents

Limonin (Lim, 98% purity, S31594) was obtained from
Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, China).
Sodium carboxymethyl cellulose (CMC-Na) was obtained from
Sigma-Aldrich (St Louis, MO, USA). Isoflurane (R510-22-10)
was purchased from Reward Life Technology Co., Ltd
(Shenzhen, China). RPMI-1640 and Dulbecco’s modified
Eagle’s medium (DMEM) were purchased from Gibco (Grand
Island, USA). Fetal bovine serum (FBS, 04-001-1A) was pur-
chased from Biological Industries (Beit Haemek, Israel).
D-Hanks (HBSS, H1040), HEPES (H8090), EDTA (E1170), DTT
(D1070), penicillin-streptomycin (P1400), 1x PBS (P1020), 10x
PBS (P1022), Percoll (P8370) and DNase I (D8071) were pur-
chased from Beijing Solarbio Science & Technology Co., Ltd
(Beijing, China). FVS510 (564406), lineage antibody cocktail
(561317), transcription factor buffer set (562574), 70 uM cell
strainer (352350), and antibodies against CD16/CD32 (553141),
CD127 (A7R34), CD45 (557659) and RORyt (562894) were pur-
chased from BD Pharmingen (Santiago, Chile) and
eBioscience (Waltham, USA). Liberase TL (05401020001) was
purchased from Roche (Basel, Switzerland). IL-22 Ra1 antibody
(MAB42941) was purchased from R&D Systems (Minnesota,
USA). RORG (DF3196) was purchased from Affinity Bioscience
(Changzhou, China). pSTAT3 antibody (#9145T) was purchased
from Cell Signaling Technology (Beverly, USA). ZO-1 and occlu-
din antibodies were purchased from Wuhan Servicebio
Technology Co., Ltd (Wuhan, China). Animal total RNA iso-
lation kit (RE-03011) was purchased from Foregene Co., Ltd
(Chengdu, China). HiScript III All-in-one RT SuperMix Perfect
for qPCR (R333) was purchased from Vazyme Biotech Co., Ltd
(Nanjing, China). TAKARA TB Green Premix Ex Taq II (RR820A)
was purchased from Takara Biomedical Technology (Beijing)

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Limonin improved HFD-induced dyslipidemia. (A) The chemical structure of limonin. (B) Experimental design for dietary and limonin treat-

ment in C57BL/6 mice. (C) Body weight changes during the experiments.

(D) Lee's index comparison among ND, ND + Lim, HFD, and HFD + Lim

groups. (E) Epididymal white fat weight, and (F) liver weight. Serum lipid profiles of (G) total cholesterol (TC), (H) low-density lipoprotein cholesterol
(LDL-C), (I) high-density lipoprotein cholesterol (HDL-C), (J) and triglycerides (TG). All data were expressed as mean + SEM (n = 8 for ND and HFD, n
= 9 for ND + Lim and HFD + Lim). Serum levels of (K) alanine aminotransferase (ALT) and (L) aspartate aminotransferase (AST). All data were
expressed as mean + SEM with 6 samples in each group. *p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

Co., Ltd (Beijing, China). PIPA lysis buffer (PC101) and ECL kit
(SQ201) were purchased from Epizyme Biotech Co., Ltd
(Shanghai, China). The antibody against NPC1L1 (sc-166802)
was obtained from Santa Cruz Biotechnology Inc., (Texas,
USA). The antibody against CD36 (ab252923) was obtained
from Abcam (Shanghai) Trading Co., Ltd, (Shanghai, China).
B-Tubulin (A01857-1) was purchased from Boster Biological
Technology Co. Ltd (Wuhan, China).

Animals and experimental design

Male C57BL/6 mice (8 weeks), weighing 16-19 g, were pur-
chased from Beijing HFK Biotechnology Co., Ltd (Beijing,
China; certification no. SCXK-JING 2019-0008). All animals
were maintained at standard temperature (22 + 2 °C), and
humidity (55% + 2%) with controlled light conditions (12 h of
light/dark cycle). All mice had access to water and food.

The animal study was performed in strict accordance with
the Guidelines for the Care and Use of Laboratory Animals of

This journal is © The Royal Society of Chemistry 2024

the Ministry of Science and Technology of China and was auth-
orized by the Ethics Committee of Chengdu University of
Traditional Chinese Medicine (Chengdu, China) with approval
number 2021DL-001.

The overview of the experimental design is illustrated in
Fig. 1B. After one week of acclimation, all animals were ran-
domly divided into four groups including the normal diet
(ND) group (n = 8), ND + Lim group (n = 9), HFD group (n = 8),
and HFD + Lim group (n = 9). During the experimental period,
ND and ND + Lim groups were fed a normal diet (containing
14.7 kcal% protein, 75.9 kcal% carbohydrate and 9.4 kcal%
fat, Research Diets D10012M, Research Diets, NJ), while HFD
and HFD + Lim groups were fed a high-fat diet (containing
20 kcal% protein, 20 kcal% carbohydrate and 60 kcal% fat,
Research Diets D12492, Research Diets, NJ). Both the ND +
Lim group and HFD + Lim group were orally administered
with limonin (Lim, 50 mg per kg per day) dissolved in 0.5%
CMC-Na, while the ND group and HFD group were orally admi-

Food Funct., 2024,15, 2679-2692 | 2681


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo04530g

Open Access Article. Published on 02 February 2024. Downloaded on 3/20/2026 11:02:35 PM.

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

(cc)

Paper

nistered with 0.5% CMC-Na as vehicle control. Dietary and
limonin interventions were administered simultaneously for
16 weeks.

Body weight and serum lipid profiles were monitored
weekly. At the end of the study, fecal samples were collected,
and then the mice were anesthetized with isoflurane and sacri-
ficed. Blood collection was performed by extruding the mice’s
eyeballs and then centrifuging at 3500g and 4 °C for 10 min to
obtain the serum. Intestinal tissue, epididymal white adipose,
and liver tissue were collected after sacrifice. Body mass index
was calculated using Lee’s index and the formula used was
[body weight (g) x 1000/body length (cm)]*>.

Biochemical parameter analysis

The serum levels of total cholesterol (TC, A111-1-1), triglyceride
(TG, A110-1-1), high-density lipoprotein cholesterol (HDL-C,
A112-1-1), and low-density lipoprotein cholesterol (LDL-C,
A113-1-1) were detected using biochemical kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) according
to the product instructions. Aspartate aminotransferase (AST,
105-000443-00) and alanine aminotransferase (ALT, 105-
000442-00) were purchased from Mindray Bio-medical
Electronics Company (Mindray Bio-medical Electronics
Company, Ltd, Shenzhen, China) and the serum ALT and AST
were measured using a fully automatic biochemical analyzer
(BS-240VET, Mindray Bio-medical Electronics Company, Ltd,
Shenzhen, China).

Extraction of intestinal lamina propria lymphocytes and flow
cytometry analysis

The intestinal lamina propria was extracted according to the
protocol proposed by Xiaohuan Guo et al.'' Specifically, the
mice were sacrificed and the small intestine was excised and
transferred to ice-cold PBS. The mesenteric material fat and
Peyer’s patches were carefully removed. The intestines were cut
longitudinally, rinsed thoroughly with PBS, and cut into 1 cm
pieces. The tissue was incubated in HBSS (without Ca®* and
Mg>") containing 3% FBS, 1 mM DTT, 5 mM EDTA, and
10 mM HEPES at 37 °C for 20 min and subsequently washed
with HBSS (without Ca** and Mg>") containing 10 mM HEPES
at 37 °C for 20 min. Then the tissue was digested in
RPMI-1640 containing 10 mM HEPES, 100 U mL™" penicillin-
streptomycin, Liberase TL (Roche) (0.1 mg mL™"), and DNase I
(20 pg mL™) at 37 °C for 20 min with slow rotation. 5 mL of
RPMI-1640 containing 10 mM HEPES, 100 U mL™" penicillin-
streptomycin and 3% FBS was added to terminate the diges-
tion, and then the sample suspension was filtered by using a
70 pm cell strainer. Finally, the sample suspension was centri-
fuged at 300g for 7 min at 4 °C. The cells were resuspended in
4 mL of medium containing DMEM, 10 mM HEPES, 100 U
mL ™" penicillin-streptomycin and 3% FBS after discarding the
supernatant completely. The single-cell suspension was har-
vested from the interphase of an 80% and 40% Percoll gradi-
ent after a spin at 1000g for 20 min at 4 °C. The middle lym-
phocyte layer was carefully collected, rinsed with ice-cold PBS,
and centrifuged at 800g for 10 min at 4 °C, then resuspended
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in ice-cold PBS for cell staining. Firstly, the cell was incubated
with 1 pL mL™" fixable viability stain 510 on ice for 30 min to
gate out dead cells and then washed with FACS buffer by cen-
trifugation at 350g for 5 min at 4 °C. Secondly, the cells were
resuspended in FACS buffer containing anti-mouse CD16/
CD32 at a concentration of 1 pL/100 pL to block Fc receptor
internalization. Thirdly, cell surface was stained for antibodies
against CD45, CD127, and lineage on ice for 30 min. The
fixing and permeabilizing of cells were performed using a tran-
scription factor buffer set according to the product protocol. In
the end, intracellular staining was performed with nuclear
antibodies against RORyt. Cell sorting was performed by BD
FACSVerse (BD Bioscience, New Jersey, USA), and flow cytome-
try data were analyzed with Flow Jo software V10 6.2 (BD
Bioscience, New Jersey, USA).

Quantitative reverse transcription polymerase chain reaction
analysis

Total intestinal RNA was obtained from mouse ileal tissue and
extracted according to the commercial RNA extraction kit, and
the total RNA was reverse-transcribed into cDNA using the
HiScript III All-in-one RT SuperMix Perfect for qPCR; finally,
the cDNA was mixed with primers and TB green premix Ex Taq
II, and then amplified and quantized using Bioer qRT-PCR
(Bioer, Hangzhou, China). The reaction conditions were as
follows: 95 °C 30 s, 95 °C 5 s, and 60 °C 30 s. The primer was
synthesized by Shenggong (Chengdu, China) with GAPDH as
the internal reference gene. The qRT-PCR primers used in this
study are shown in Table 1. The relative mRNA expression
levels of the target gene were calculated using the 2744¢t
method.

Histological and immunofluorescence analysis

2-3 cm ileum segments were fixed in 4% paraformaldehyde
for at least 48 h, dehydrated and embedded in paraffin, cut
into 4 pm slices, and then stained with hematoxylin-eosin
(H&E) to observe the length of villi and the depth of crypts in

Table 1 Primer sequences

Primers Sequence (5’ to 3')

RORyt-F GACCCACACCTCACAAATTGA
RORyt-R AGTAGGCCACATTACACTGCT
IL-22-F CTGAGAAATGCTTGCGTCTG
IL-22-R CGTTAGCTTCTCACTTTCCTTTAG
IL-17A-F TCCCTCTGTGATCTGGGAA
IL-17A-R CTCGACCCTGAAAGTGAAGG
IL-10-F CTTACTGACTGGCATGAGGATCA
IL-10-R GCAGCTCTAGGAGCATGTGG
IL-22R-F ATATTGTCCAAGGAAAGTGCCC
IL-22R-R AGCCGACGAGGAAACCCAT
Occludin-F CCCAGGCTTCTGGATCTATGT
Occludin-R TCCATCTTTCTTCGGGTTTTCA
ZO-1-F CGCAGCCAGTTCAAACAAAGTTCC
Z0O-1-R GCAACATCAGCAATCGGTCCAAAG
NPC1L1-F TGTTTGGTATGGAGAGTGTGGA
NPC1L1-R GTCACAGCAGAGACTGACATTG
CD36-F GTCTGTGCCATTAATCATGTCG
CD36-R GTCTGTGCCATTAATCATGTCG

This journal is © The Royal Society of Chemistry 2024
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the tissue under a microscope (THUNDER DMB6B, Leica,
Wetzlar, Germany). For the further step of immunofluores-
cence staining, the paraffin-embedded slices were blocked in a
blocking buffer (5% BSA in PBS) and incubated with primary
antibodies against IL-22Ra1(1:100, MAB42941, R&D), RORyt
(1:500, DF3196, Affinity), pSTAT3 (1:400, #9145T, Cell
Signaling  Technology), occludin (1:500, GB111401,
Servicebio), and ZO-1 (1: 500, GB111402, Servicebio) overnight
at 4 °C. After cleaning, they were incubated with secondary
antibodies at 37 °C for 50 min in the dark. After incubation,
the slices were incubated with DAPI (G1012, Servicebio) in the
dark at 37 °C for 10 min. Finally, the slices were observed
under a microscope, and the average fluorescence intensity
was analyzed by Image] 1.52a (Rawak Software Inc., Stuttgart,
Germany).

Gut microbiota analysis

Firstly, total DNA from the fecal microbial samples of C57BL/
6 mice was extracted by using CTAB according to the manufac-
turer’s instructions. Secondly, the V3-V4 variable regions on
bacterial 16S rDNA gene were amplified using a forward
primer (341F 5-CCTACGGGNGGCWGCAG-3') and a reverse
primer (805R 5'-GACTACHVGGGTATCTAATCC-3'). The PCR
products were purified and quantified using AMPure XT beads
(Beckman Coulter Genomics, Danvers, MA, USA) and Qubit
(Invitrogen, USA), respectively. Then, the amplicon pools were
assessed on an Agilent 2100 Bioanalyzer (Agilent, USA) and
Ilumina (Kapa Biosciences, Woburn, MA, USA). Finally,
NovaSeq 6000 was used for 2 x 250 bp double-ended sequen-
cing. Raw data were obtained by computer sequencing, while
clean data were obtained after a series of processing. After
dereplication using DADA2, the final ASV feature table and
feature sequence were obtained for subsequent diversity ana-
lysis, species classification annotation, and difference analysis.
Principal coordinate analysis (PCoA), principal component
analysis (PCA), and Pearson correlation analysis were per-
formed by R version 3.6.3, while GraphPad Prism 9.0 was used
for Chao1, Shannon, and species abundance analysis.

Western blotting

RIPA lysis buffer was added to 50 mg of ileal tissue, after crack-
ing on ice, centrifuging at 12 000g for 15 min, taking the super-
natant, and determining the total protein concentration. The
protein samples were transferred to a polyvinylidene fluoride
(PVDF) membrane by SDS-PAGE electrophoresis and blocked
with 5% (w/v) defatted milk at room temperature. PVDF mem-
brane was incubated with primary antibody NPCIL1(1: 1000,
sc-166802, Santa Cruz Biotechnology Inc.) and CD36(1 : 1000,
ab252923, Abcam) overnight at 4 °C and then incubated with
horseradish  peroxidase-conjugated secondary antibody
B-tubulin (1:3000, A01857-1, Boster) at room temperature for
1.5 h. Protein bands were detected with an ultra-high sensi-
tivity ECL kit and taken with the ChemiDocTM imaging
system (Bio-Rad, Hercules, CA, USA) and adjusted to the appro-
priate exposure contrast. Image] software was used to quantify
the western blot results.

This journal is © The Royal Society of Chemistry 2024
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Statistical analysis

All data were expressed as the mean + SEM. GraphPad Prism
9.0 (GraphPad Prism software, San Diego, California, USA) was
used to perform the statistical analysis. Statistical differences
were analyzed by Student’s ¢-test or one-way analysis of var-
iance (ANOVA) with Tukey’s test. Kruskal-Wallis rank sum test
was performed to show the significance of the difference in
alpha diversity. Pearson correlation analysis was performed to
show the relationship between two parameters. Differences
between experimental groups were considered statistically sig-
nificant at p values <0.05.

Results
Limonin improved HFD-induced dyslipidemia

To assess the protective effect of limonin against HFD-
induced dyslipidemia, we conducted experiments using
male C57BL/6 mice fed with an HFD or ND, with or without
limonin supplementation. Subsequent evaluations revealed
that limonin administration dramatically inhibited weight
gain in HFD-fed mice (Fig. 1C), as evidenced by the relative
weight gain rate (ESI Fig. 1Af). The trend of Lee’s index was
consistent with that of body weight (Fig. 1D). Additionally,
the accumulation of epididymal white fat and liver weight
gain were markedly reduced with limonin treatment com-
pared to that in the HFD group (Fig. 1E and F). There was no
significant change in food intake between different interven-
tions (ESI Fig. 1BY). At the end of the experiment, while HFD
prominently increased serum levels of TC and LDL-C,
limonin supplementation significantly lowered them (Fig. 1G
and H). Serum levels of HDL-C were markedly decreased in
the HFD group, whereas they were distinctly improved in the
HFD + Lim group (Fig. 1I). However, no significant changes
were observed in serum TG levels between the HFD group
and HFD + Lim group (Fig. 1J). Moreover, limonin adminis-
tration mitigated liver function as indicated by the levels of
ALT and AST in the HFD + Lim group relative to the HFD
group (Fig. 1K and L).

Limonin eased the impaired intestinal barrier in HFD-fed
mice

H&E staining revealed a markedly reduced villus height in
HFD-fed mice (Fig. 2A). Rather, the pathological changes
caused by HFD were ameliorated by the administration of
limonin, which exhibited longer villi and greater crypt depth
than HFD-fed mice (Fig. 2B and C). Immunofluorescence
staining indicated that the levels of intestine tight junction
proteins, occludin and Zonula occludens-1 (ZO-1) signifi-
cantly decreased in the intestinal epithelium in HFD-fed
mice (Fig. 2D-F and H). The impaired tight junction proteins
were significantly alleviated after limonin treatment. In
keeping with this, these findings were further confirmed by
qRT-PCR analysis that limonin treatment increased the
lowered mRNA levels of occludin and ZO-1 in HFD-fed mice
(Fig. 2G and I).
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Fig. 2 Limonin eased impaired intestinal barrier in HFD-fed mice. (A) H&E staining was measured for (B) the villus height and (C) crypt height. Scale
bars, 200 pm. (D and E) Representative immunofluorescence images of occludin* cells and ZO-1* cells in ileum tissues (original magnification
x400). Green: positive staining of occludin and ZO-1; blue: DAPI; scale bars, 200 um. (F and H) Fluorescence intensity of occludin and ZO-1. (G and
1) gRT-PCR analysis of occludin and ZO-1. All data were expressed as mean + SEM with 6 samples in each group. *p < 0.05; ** p < 0.01; *** p <

0.001; **** p < 0.0001.

Limonin modulated the structural composition of the gut
microbiota in HFD-fed mice

To explore the potential relationship of limonin to HFD-
induced gut microbiota dysbiosis, we performed 16S rRNA
gene sequencing after 16 weeks of dietary intervention. As we
observed in the PCoA (beta diversity) analysis, the structure of
the gut microbiota formed different clusters among the four
groups (Fig. 3A). Specifically, the gut microbiota structure of

2684 | Food Funct., 2024,15, 2679-2692

the ND group and ND + Lim group almost overlapped,
forming a significant difference from the HFD group, while
the cluster of the HFD + Lim group was closer to the ND group
and ND + Lim group. Similar results were also confirmed in
the PCA analysis (ESI Fig. 2AT). Together, these results suggest
that HFD altered the structural composition of the gut micro-
biota, while limonin supplementation effectively ameliorated
HFD-induced gut microbiota dysbiosis. However, the Chaol
index and Shannon index (alpha diversity) revealed no signifi-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Limonin modulated the structural composition of the gut microbiota in HFD-fed mice. (A) PCoA analysis (beta diversity) based on Bray—
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teria at (D) the family level and (E) relative abundance of identified differential abundant bacterial groups at the family level. The relative abundance
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cant difference among the four groups, indicating that
different interventions did not result in significant changes in
species richness between the four groups (Fig. 3B) (ESI
Fig. 2Bt). To further investigate the specific changes in the gut
microbiota, we further analyzed the relative abundance of the
phylum, family, and genus level. Firmicutes and Bacteroidota
were the major components of the phylum level, accounting
for 80% of the total abundance (Fig. 3C). HFD was associated
with significant alterations in gut microbiota composition,
including an increase in the relative abundance of Firmicutes,
Desulfobacterota, and Campylobacterota and a decrease in

This journal is © The Royal Society of Chemistry 2024

the relative abundance of Deferribacterota. Limonin reversed
the HFD-induced changes in the gut microbiota. At the
family level, limonin supplementation increased the abun-
dance of Lactobacillaceae and Muribaculaceae while decreasing
the abundance of Lachnospiraceae, Desulfovibrionaceae, and
Ruminococcaceae in the HFD + Lim group compared
to the HFD group (Fig. 3D and E).
the proportion of probiotic Muribaculaceae unclassified,
Lactobacillus, Dubosiella, and Muribaculum was depleted;
instead, the proportion of pathogenic Lachnospiraceae_
unclassified, Alistipes, Eisenbergiella, Desulfovibrio, Clostridia UCG-

At the genus level,
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014, and Ruminococcaceae_unclassified was increased in
the HFD group compared with the ND group (Fig. 3F) (ESI
Fig. 2Ct). Limonin supplementation reversed the HFD-induced
alteration in the gut microbiota to a certain extent, especially
significantly increased the abundance of the probiotic
Lactobacillus (Fig. 3G). Pearson correlation analysis showed the
relationship between the HFD-induced gut microbiota and
intestinal barrier. The analysis result revealed that
Clostridiales_unclassified, Dorea, Desulfovibrio, and Eisenbergiella
were negatively correlated with the intestinal barrier, while
Lactobacillus, Muribaculum, and Mucispirillum were positively
correlated with the intestinal barrier (Fig. 3H).
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Limonin regulated the ILC3-IL22-IL22R pathway in HFD-fed
mice to improve the impaired intestinal barrier

Emerging evidence has revealed that the ILC3-IL22-IL22R
pathway plays a critical role in regulating the intestinal barrier
function.'®™®

In flow cytometry analysis, ILC3s were gated on
Lin~CD45'CD127" RORyt" cells.> The proportion of RORyt"
ILCs was higher in the HFD group relative to that in the ND
group, while limonin significantly elevated the proportion of
ILC3s in HFD-fed mice (Fig. 4A and B). In addition, in line
with the flow cytometry results, the expression of RORyt in
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Fig. 4 Limonin regulated the ILC3-IL22-IL22R pathway in HFD-fed mice to improve impaired intestinal barrier. (A) Flow cytometry analysis of
Lin"CD45*CD127*RORyt* ILC3s; (B) the proportion of RORyt™ ILC3; n = 3. (C and D) Representative immunofluorescence images of RORyt* cells
and IL-22Ral* cells in ileum tissues (original magnification x400). Red: positive staining of RORyt and IL-22Ral; blue: DAPI; scale bars, 200 pm; n =
6. (E and H) Fluorescence intensity of RORyt and IL-22Ral. (F, G and 1) qRT-PCR analysis of RORyt, IL-22, IL-17A, IL-10 and IL-22Ral; n = 6. All data
were expressed as mean + SEM. *p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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both immunofluorescence and qRT-PCR was increased in the
HFD + Lim group relative to that in the HFD group (Fig. 4C, E
and F). Moreover, immunofluorescence staining demonstrated
that ILC3s mainly resided in the lamina propria of the intes-
tine. Then, we detected the mRNA expression of IL-22, IL-17A,
and IL-10, which are closely related to ILC3s, and found that
the expression of IL-22 and IL-17A was obviously increased in
HFD-fed mice, while the expression of IL-10 was significantly
decreased. Limonin supplementation markedly increased
IL-22 levels in both ND and HFD-fed mice. In contrast, we
found that IL-17A expression showed a sharp reduction in the
HFD + Lim group. However, there is no significant difference
in the IL-10 mRNA expression between the HFD + Lim group
and the HFD group (Fig. 4G). The distribution of positive
IL-22R staining was localized predominantly on the intestinal
epithelial cell membrane (Fig. 4D). We found that the mean
fluorescence intensity of IL-22R was significantly increased in
the HFD + Lim group relative to the HFD group (Fig. 4H).
Correspondingly, we observed higher mRNA expression of
IL-22R in the HFD group, and the administration of limonin
resulted in a dramatic upregulation of IL-22R mRNA levels in
the HFD + Lim group (Fig. 41).

Limonin improved lipid metabolism in IEC-activated mice

The transcription factor STAT3 is a key downstream signal of
IL-22R.** In the present study, we observed that limonin treat-
ment stimulated IECs with increased pSTAT3-positive cells in
immunofluorescence staining in the HFD + Lim group com-
pared with the HFD group (Fig. 5A and B). To further clarify
whether the function of IECs restored by the ILC3-1L22-IL22R
pathway has a positive effect on lipid metabolites, we con-
firmed the reduction of protein levels of key lipid transporters,
including CD36 and Niemann-Pick C1-like 1 (NPC1L1) in the
HFD + Lim group relative to the HFD group (Fig. 5D and E).
Similar results were further confirmed at the mRNA levels
(Fig. 5C). This change was associated with dramatically
decreased lipid profiles and diminished epididymal fat
accumulation and liver weight gain. Collectively, these results
suggested that limonin upregulated the ILC3-IL22-IL22R
pathway, and then activated pSTAT3 in IECs, thereby modulat-
ing key lipid transporters to ameliorate HFD-induced
dyslipidemia.

Discussion

Our experiments revealed that limonin treatment significantly
improved HFD-induced dyslipidemia by reducing serum TC
and LDL-C levels and increasing the HDL-C levels in HFD-fed
mice. Importantly, starting from the fourth week until the end
of the experiment, limonin administration significantly
reduced weight gain in the HFD + Lim group compared to the
HFD group, demonstrating its significant preventive effect
against HFD-induced weight gain. Limonin supplementation
markedly reduced the accumulation of epididymal fat and
liver weight gain induced by HFD. Moreover, the levels of ALT

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

and AST were significantly decreased in the HFD + Lim group
compared to the HFD group. Collectively, these results suggest
that limonin improved HFD-induced dyslipidemia and weight
gain, as well as protected against HFD-induced hepatic injury.

Consistent with previous experiments, we noted that HFD
caused damage to the intestinal barrier. H&E staining revealed
an obvious reduction in villus length and crypt depth in the
ileal tissue of HFD-fed mice. Using immunofluorescence and
qRT-PCR, we confirmed that HFD markedly diminished the
expression of tight junction proteins, including occludin and
ZO-1. This alteration in tight junctions resulted in weakened
barrier function and epithelial integrity.>*?* Limonin sup-
plementation dramatically increased crypt depth and villus
length, as well as the expression of tight junction proteins in
the HFD + Lim group, indicating a protective effect of limonin
against HFD-induced damage to intestinal barrier.

Previous studies have demonstrated that eliminating HFD-
induced microbiota with antibiotics can reverse HFD-induced
intestinal barrier damage,**”® suggesting that HFD-induced
intestinal barrier damage is associated with the gut micro-
biota. In our study, beta diversity analysis indicated that HFD
altered the structure of the gut microbiota, but limonin sup-
plementation can effectively mitigate this change. At the
phylum level, HFD-induced intestinal microbiota dysbiosis in
mice was characterized by an increased abundance of
Firmicutes. The increased abundance of the family
Lachnospiraceae in HFD-fed mice was involved in the develop-
ment of obesity and diabetes.>® Ruminococcaceae has been
reported to be enriched in HFD-fed mice and the db/db mice,
and to be involved in host lipid metabolism.?” In addition,
limonin supplementation reduced the family Desulfovibrionaceae
and genus Desulfovibrio, a bacterium that produces LPS, to
reduce inflammation and alleviate barrier function impair-
ment.® At the genus level, the abundance of pathogenic
Alistipes, Eisenbergiella, Desulfovibrio, Clostridia_UCG-014, and
Ruminococcaceae_unclassified were found to be highly abun-
dant in HFD-fed mice and contribute to impaired intestinal
barrier function,”**>*7*® as supported by correlation analyses
and other studies. Limonin treatment was sufficient to both
reduce the abundance of HFD-enriched pathogenic bacteria
and increase the abundance of probiotics, including
Muribaculaceae_unclassified, Lactobacillus, Dubosiella, and
Muribaculum. Pearson correlation analysis revealed a positive
association between these probiotics and the integrity of intes-
tinal barrier. Specifically, limonin-increased probiotics have
been demonstrated to enhance the intestinal barrier function
by producing SCFAs.>™*! Notably, limonin supplementation
significantly increased the abundance of Lactobacillus in the
HFD + Lim group compared to the HFD group. Lactobacillus is
known to stimulate the production of aryl hydrocarbon recep-
tor (AHR) ligands that activate ILC3s to stimulate the
expression of the crucial barrier factor IL-22, thereby improv-
ing metabolic function and strengthening intestinal barrier
integrity.*> Taken together, we concluded that the potential
mechanism of limonin supplementation to alleviate HFD-
induced intestinal barrier damage and dyslipidemia may
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Fig. 5 Limonin improved lipid metabolism in IEC-activated mice. (A) Representative immunofluorescence images of pSTAT3 cells in ileum tissues
(original magnification x400). Red: positive staining of pSTAT3; blue: DAPI; scale bars, 200 um; n = 6. (B) Fluorescence intensity of pSTAT3. (C)
qRT-PCR analysis of intestinal key lipid transporters CD36 and NPC1L1, n = 6. (D and E) The protein levels of intestinal key lipid transporters CD36
and NPC1L1, n = 3. All data were expressed as mean + SEM. *p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

be achieved through microbiota-induced ILC3-IL22-IL22R
pathway.

In our investigation, flow cytometry and other analyses
revealed that HFD increased the proportion of intestinal
ILC3s. Previous studies have reported that exposure to HFD by
mothers and their offspring resulted in a unique microbiota
characterized by an increase in Firmicutes, and the expansion
of ILC3s.*> Specifically, the mono-colonization of segmented
filamentous bacteria (SFB), a type of Firmicutes, in germ-free
Rag1™~ mice led to the activation of ILC3s.**** Furthermore,
it has been shown that HFD also increased ILC3s in the liver,
which stimulated the production of IL-22 to alleviate liver
fibrosis and hepatic steatosis.”® Interestingly, our study found
that the administration of limonin significantly upregulated
the expression of ILC3s in HFD-fed mice, more so than in the

2688 | Food Funct, 2024, 15, 2679-2692

HFD group alone. To further explore the mechanism of ILC3s
under HFD intervention and limonin supplementation, we
investigated the mRNA levels of cytokines IL-22, IL-17A, and
IL-10. We confirmed that HFD-enriched ILC3s promoted an
obvious increase in both IL-22 and IL-17A mRNA levels.
However, limonin-activated ILC3s significantly increased
IL-22 mRNA levels and simultaneously decreased IL-17A
mRNA levels. IL-17A can stimulate a variety of cells, including
epithelial cells, to activate pro-inflammatory cytokines.*®
Although it has been reported that inappropriate activation of
ILC3s in inflammatory bowel disease results in distinctly
higher expression of IL-22 than in healthy individuals,*”
IL-22 has also been reported to play an integral role in promot-
ing the recovery of colitis models, including colonic thickness
disease score, body mass index, and mortality.*®*® Intestinal

This journal is © The Royal Society of Chemistry 2024
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IL-22 production is strictly restricted to NCR" ILC3s, a subset
of ILC3s that account for 70% of the entire intestinal ILCs,
whereas IL-17A is predominantly produced by NCR™ ILC3s,
which accounts for only 15%.°%>! In the presence of IL-1p plus
IL-23, the increased NCR™ ILC3s can be transformed into
NCR" ILC3s.”* Therefore, we speculated that HFD-increased
NCR™ ILC3s significantly upregulated IL-17A mRNA, which
leads to a series of pro-inflammatory activities. At the same
time, under the stimulation of certain cytokines, increased
NCR™ ILC3s can be converted into NCR' ILC3s, thereby
increasing the anti-inflammatory effect of IL-22, which may be
compensation for the significant elevation of IL-17A. In brief,
HFD-enriched ILC3s play a double-edged role as both anti-
inflammatory and pro-inflammatory factors in the intestinal
barrier. Notably, limonin intervention significantly upregu-
lated IL-22, but not IL-17A, suggesting that limonin primarily
promotes the production of IL-22-producing NCR" ILC3s, thus
playing a protective role in lipid metabolism and intestinal
barrier. In addition, HFD significantly reduced IL-10 mRNA
levels, while limonin intervention could partially increase
them. ILCreg-derived IL-10 can noticeably inhibit the pro-
duction of IL-17A by NCR™ ILC3s, reducing the pro-inflamma-
tory activation.”® Therefore, we can conclude that the mecha-
nism of activation of ILC3s is different under HFD interven-
tion and limonin intervention.

Strikingly, IL-22 is not only a critical barrier factor but also
has the potential to regulate metabolism. Studies have found
that HFD-fed mice deficient in IL-22 receptors are prone to
developing metabolic disorders, and supplementation of
exogenous IL-22 can regulate lipid metabolism in HFD-fed
mice with significantly reduced body weight and epididymal
fat-pad mass.>® In addition, IL-22RA1-deficient mice displayed
higher weight gain after HFD intervention and subsequently
developed higher levels of insulin resistance and glucose intol-
erance within 3 months, which was significantly reversed after
intervention with exogenous IL-22.°* IL-22 produced by ILC3s
has recently been shown to regulate lipid metabolism by regu-
lating key lipid transporters, including CD36, NPC1L1, Fabp1,
and Fabp2.'® Meanwhile, other studies have also demonstrated
that the inhibition of ILC3s to reduce IL-22 secretion leads to a
decrease in the epithelial cell-derived antimicrobial peptides
(e.g- Regllly) and an increase in lipid transporters (e.g. Fabp2,
CD36).>* Thus, the ILC3-IL22-IL22R pathway regulates lipid
metabolism at least in part by controlling lipid transporters.
To further explore the relationship between the ILC3-1L22-
IL22R pathway and lipid transporters, we examined IL-22R
expressed in IECs and the downstream key transcription factor
STAT3. In our study, limonin supplementation markedly pro-
moted the expression of IL-22RA1 and pSTAT3 in the IECs.
This activation leads to the protection of the intestinal barrier
by inducing the production of antimicrobial peptides in epi-
thelial cells. We further examined the levels of specific lipid
transporters CD36 and NPC1L1 expressed in the intestine.
Limonin supplementation significantly reduced the protein
levels and mRNA expression of key intestinal lipid transporters
CD36 and NPC1L1 in the HFD + Lim group compared to the

This journal is © The Royal Society of Chemistry 2024
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HFD group. This suggests that limonin intervention regulated
the ILC3-1L22-IL22R pathway, and promoted the phosphoryl-
ation of STAT3 in IECs to restore the intestinal barrier func-
tion, ultimately leading to the reduction of key lipid transpor-
ters to ameliorate HFD-induced dyslipidemia.

Conclusions

In summary, our results confirmed that limonin improved
HFD-induced dyslipidemia and weight gain, and reduced epi-
didymal white fat weight while preventing HFD-induced
hepatic injury. HFD-increased Firmicutes partly activated
ILC3s and then promoted the production of IL-17A and IL-22,
playing a complex role in the intestinal barrier. Limonin sup-
plementation distinctly enriched Lactobacillus in HFD-fed
mice, predominantly activated ILC3s to produce IL-22, pro-
moted pSTAT3 in IECs, enhanced tight junction protein, and
increased villus length and crypt depth. Finally, we determined
that limonin treatment significantly reduced the mRNA and
protein levels of intestinal lipid transporters CD36 and
NPC1L1 in the HFD + Lim group. Taken together, these results
suggest that limonin administration significantly upregulated
the microbiota-mediated ILC3-1L22-IL22R pathway to restore
HFD-induced intestinal barrier damage, resulting in the
reduction of key lipid transporters and ultimately ameliorating
HFD-induced dyslipidemia (Fig. 6). However, the research on
ILC3 is still in the nascent stage. The synergistic effect of ILC3
with other immune cells and cytokines involves more complex
mechanisms, which may further explain the double-edged
sword role of ILC3s in regulating the intestinal barrier. We will
continue to follow up on relevant studies in the future.
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