Shen etal “Nete msnapinzRg  |ournal of Biomedical Science
Journal of Biomedical Science (2023) 30:44 e i ke ey Gl T, T
https://doi.org/10.1186/512929-023-00933-3

: : : . ®
Dietary diosgenin transcriptionally ety

down-regulated intestinal NPC1L1 expression
to prevent cholesterol gallstone formation
in mice

Weiyi Shen'", Wentao Shao'?3", Qihan Wang'", Bo Wang', Gang Zhao', Aihua Gu??", Zhaoyan Jiang'" and
Hai Hu""

Abstract

Background Cholesterol gallstone disease is a common disease. Reducing cholesterol burden is important to
prevent/treat gallstone. In this study, we investigated the application of diosgenin (DG) to prevent the formation of
gallstone in mice.

Methods Adult male C57BL/6J mice were fed with the lithogenic diet (LD) only or LD supplemented with DG or
ezetimibe for 8 weeks. Incidences of gallstone formation were documented. Intestine and liver tissues were collected
to measure the lipid contents and expression of genes in cholesterol metabolism. Caco2 cells were treated with DG to
monitor the regulation on cholesterol absorption and the transcriptional regulation of Npc1/T gene. Changes of gut
microbiota by DG was analyzed. Intraperitoneal injection of LPS on mice was performed to verify its effects on STAT3
activation and Npc1/1 expression in the small intestine.

Results LD led to 100% formation of gallstones in mice. In comparison, dietary DG or ezetimibe supplementary com-
pletely prevents gallstones formation. DG inhibited intestinal cholesterol absorption in mice as well as in Caco2 cells
by down-regulation of Npc1/1 expression. DG could directly inhibit phosphorylation of STAT3 and its transcriptional
regulation of Npc1/1 expression. Furthermore, DG could modulate gut microbiota profiles and LPS mediated STAT3
activation and Npc1/1 expression.

Conclusion Our results demonstrated that dietary DG could inhibit intestinal cholesterol absorption through
decreasing NPC1L1 expression to prevent cholesterol gallstone formation.

"Weiyi Shen, Wentao Shao and Qihan Wang contributed equally to this work
and should be considered as co-first authors.

*Correspondence:

Aihua Gu

aighuagu@njmu.edu.cn

Zhaoyan Jiang

zhaoyanjiang@gmail.com

Hai Hu

huhailc@sina.com

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit httpy/creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12929-023-00933-3&domain=pdf

Shen et al. Journal of Biomedical Science (2023) 30:44

Highlights

1. Diosgenin prevented cholesterol gallstone formation.
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2. Diosgenin could directed inhibited of STAT3 mediated transcription of NpcI/I gene.
3. Diosgenin could also modulate gut microbiota-LPS mediated STAT3 activation.
4. Diosgenin inhibited intestinal cholesterol absorption, thereby, lowered cholesterol in liver and bile.
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Introduction

Gallstone disease is a prevalent disease world-widely.
About 20% of the European population [1], 16.5% in the
United States [2] and >10% in China [3] suffer from gall-
stone. Majority (>90%) of gallstones are composed of
cholesterol [4]. Supersaturation of biliary cholesterol is
known to be a prerequisite for gallstone formation [5].
Gut-derived excess dietary cholesterol is an important
source of biliary cholesterol [6]. Therefore, inhibition of
intestinal cholesterol absorption is considered to be a
promising therapeutic measure to prevent gallstone for-
mation. So far, ezetimibe is one prescribed drug to inhibit
intestinal cholesterol absorption by targeting Niemann-
Pick C1-like 1 (NPC1L1), an identified protein for cho-
lesterol transportation at the intestinal epithelium [7].
Ezetimibe has been proved to be effective in prevent-
ing cholesterol gallstone formation in mice [8]. Certain
herbal medicine and their extracts have been proposed in
gallstone prevention as well [8, 9]. For example, phytos-
terols, analogs of cholesterol, extracted from grains, nuts
and oil, exhibit ability to reduce cholesterol absorption
and further prevent gallstones [10].

Diosgenin (DG, C,,H,,05) is a natural steroidal sapo-
genin, which is widely found in wild yam and other
dioscorea plants. The DG content in several yam spe-
cies varies considerably, which ranges from 0.78 mg/g to
19.52 mg/g dry weight [11]. The main structure of DG is
composed of steroid ring and lacks hydrophilic groups,
which leads to its hydrophobicity and low bioavailabil-
ity [12]. Although DG is usually applied as production
precursor for most hormonal drugs, DG itself has wide
range of promising biological applications [12]. Comple-
mentary therapy of cardiovascular disease and tumor are
the two most proposed fields of DG use [13, 14].

Some previous studies showed the anti-athero-
sclerosis effect of DG partly by reducing serum cho-
lesterol level [13, 15]. The specific pathway that DG
lowers cholesterol is currently inconclusive. Early
studies suggested that DG competed with choles-
terol to form micelles, resulting in less cholesterol to
be absorbed in the gut [15]. Accumulated evidence

reveals that DG has multiple regulatory pathways to
lower serum cholesterol level. DG was shown to amelio-
rate liver lipids metabolism via SREBP repression [16]
which is an upstream regulator of cholesterol metabo-
lism. Others found that DG inhibits intestine NPC1L1
and enhancing ABCG5 and ABCGS directly, thereby
enhancing cholesterol excretion by intestinal absorp-
tive epithelium [17]. The cholesterol-lowering effect of
DG may also be related to the elevation of ABCA1 and
SRB1 [15]. These findings collectively suggested DG to
be a promising dietary supplement targeting intestine to
lower cholesterol. In this study, we aimed to investigate
its effect on gallstone formation in mice and to identify
the underlying mechanism as well.

Materials and methods

Animals and diets

SPF eight-week-old male C57BL/6] mice were purchased
from Nanjing GemPharmatech Co. Ltd (Nanjing, China).
The diosgenin powder (D101265, 95% pure) used in
diet was purchased from Aladdin (Shanghai, China). All
study procedures were approved by the Animal Ethics
Committee of Shanghai East Hospital, School of Medi-
cine, Tongji University, and performed in strict compli-
ance with the Guidelines for Care and Use of Laboratory
Animals at School of Medicine, Tongji University. A
total of 60 mice were randomly divided into 4 groups
after 1 week of acclimation to the environment. LD group
were fed with the lithogenic diet which contained 0.5%
cholesterol and 0.25% cholic acid. Mice in LD-1DG group
were fed with lithogenic diet and 1% diosgenin, that in
LD-2DG group with lithogenic diet and 2% diosgenin,
and that in LD-EZM with lithogenic diet and ezetimibe
(5 mg/kg weight/day). Water and food were available
ad libitum. The body weight of the mice was recorded
weekly. After 8 weeks feeding and 12 h fasting, mice were
anesthetized with avertin. Serum, liver, gallbladder, intes-
tines and feces samples were collected, immediately fro-
zen in liquid nitrogen and stored at — 80 ‘C until analysis.
The quantification of gallstone was performed according
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to the method provided by Akiyoshi et al. (PMID:
3783046) when the gallbladder was removed.

Twenty mice were fed with 4 dietary models mentioned
above (5 mice/group) for 2 weeks for measuring hepatic
bile secretion. Following anesthesia, fresh bile secreted
from the liver was collected within 60 min using UT-03
tubes (Unique Medical Co. Ltd, Japan).

Ten mice received corn oil +diosgenin (20 mg/mL) or
corn oil alone daily by gavage, and proximal small intes-
tine tissues were collected after 1 week. Another 10 mice
were used to study the effects of LPS on the intestine, 5
mice were intraperitoneally injected with LPS (L2630,
Sigma, Germany) of 10 mg/kg body weight, and the con-
trol group was injected with PBS. Serum and proximal
small intestine were collected after 8 h.

Lipid analysis

Bile, homogenized liver and feces were used to extracted
lipids using FOLCH (chloroform:methonal-2:1) as
described previously [18] and enzymatically measured
using commercially available kits (Cholesterol: E1015,
Applygen, China; Triglyceride: E1013, Applygen, China;
Bile acids: BI7710, Zhicheng Biological Technology,
China; Phospholipid: EFR0178, FUJIFILM, Japan). All
procedures were carried out in accordance to the instruc-
tions by kits.

Cell culture

Caco-2 cells were maintained in 25cm? cell culture flask
with Minimum Essential Medium (MEM) supplemented
with 20% fetal bovine serum, 1% glutamax, 1 mM sodium
pyruvate and Non-essential Amino Acids (11140050,
Invitrogen, USA) and cultured at 37 °C and 5% CO2.
Cells were preco-cultured with 5/10 pM DG with/with-
out 25 pM cholesterol for 24 h. Diosgenin for cell culture
was purchased from MCE (HY-N0177).

Total RNA extraction and gene expression determination
Total RNA was isolated from the first third of the small
intestines, the liver and Caco-2 cells using TRIzol Rea-
gent (Invitrogen, Carlsbad, CA, USA). The total RNA
concentration was adjusted to 1 pg in a 20 pl system.
After single-stranded cDNA synthesized, the gene
expression was quantified by quantitative real-time PCR
(qRT-PCR) using SYBR Green Master Mix (4,344,463,
Thermo Fisher Scientific, USA) on ABI QuantStudio6
Q6. The primer sequences are shown in the Table 1.
Gapdh was used as the reference gene, and the amount of
target mRNA was calculated by the AACt method.
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Table 1 The primer sequence involved in the experiment

Gapdh-F TGTGTCCGTCGTGGATCTGA
Gapdh-R CCTGCTTCACCACCTTCTTGAT
Abcg5-F AATGCTGTGAATCTGTTTCCCA
Abcg5-R CCACTTATGATACAGGCCATCCT
Cyp7al-F AGCAACTAAACAACCTGCCAGTACTA
Cyp7al-R GTCCGGATATTCAAGGATGCA
Cyp2c70-F TGGCTTTCTCAGCAGGAAGAA
Cyp2c70-R AACTGGCTTGGTGTCGATGT
Hmgcr-F CTTGTGGAATGCCTTGTGATTG
Hmgcr-R AGCCGAAGCAGCACATGAT
Abcg8-F TGCCCACCTTCCACATGTC
Abcg8-R ATGAAGCCGGCAGTAAGGTAGA
Npc1l-F ATC CTC ATC CTG GGC TTT GC
Npc1l-R GCA AGG TGA TCA GGA GGT TGA
Stb1-F CGG GAG CGT GGA CCC TAT GT
Stb1-R ACA CGG TGT CGTTGT CATTGA
Ldir-F GCATCAGCTTGGACAAGGTGT
LdIr-R GGGAACAGCCACCATTGTTG
Cyps-F GAACTCAACCAGGCCATGCT
Cyps-R GGCACCCAGACTCGAACCT
Cyp27al-F GCCTTGCACAAGGAAGTGACT
Cyp27al-R CGCAGGGTCTCCTTAATCACA
Abcb4-F CGGCGACTTTGAACTAGGCA
Abcb4-R CAGAGTATCGGAACAGTGTCAAC
Abcal-F CCTGCTAAAATACCGGCAAGG
Abcal-R AGTAACCCGTTCCCAACTGGT
HUNPCILI-F CTTCAGATGGCCAGGTTTTAGC
HUNPCILI-R TGTAATCCTGTGAGTTTTTCAGGG
HUHMGCR-F ATAGGAGGCTACAACGCCCAT
HUHMGCR-R TTCTGTGCTGCATCCTGTCC
HUABCA1-F CCTGTTTCCGTTACCCGACTC
HUABCAT-R ACAGGCGAGCCACAATGG
HUGAPDH-F TGACAACTTTGGTATCGTGGAAGG
HUGAPDH-R AGGCAGGGATGATGTTCTGGAGAG
CHIP1-F GCCCCCATTACCAAAGCTGA
CHIP1-R GTAGGTGGCCACGCAGG
C-FOSF ACTGCACCCTCGGTGTTGG
C-FOS-R TGCTGACGCAGATGTCCTAAT
NPCILI-1 TGTCCCCGCCTATACAATGG
CCTTGGTGATAGACAGGCTACTG
NPCIL1-2 CTCTGCCCTCTGCAATGCTC
GAACAGGCTGCCGAGTCTT
NPCILI-3 CGCCCTTCTTTCTACATGGGT
GAATCTGCGCTTACGAGGGAG
NPCIL1-4 ATCCTCATCCTGGGCTTTGC
GCAAGGTGATCAGGAGGTTGA
cfos CGGGTTTCAACGCCGACTA
TTGGCACTAGAGACGGACAGA
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Western blot

The frozen proximal small intestine and Caco-2 cells was
homogenized in RIPA (P0013B, Beyotime Biotechnol-
ogy, China) and 1 mM PMSE. The protein was extracted
according to the reagent instructions. Prepared proteins
were separated in a 10% SDS-PAGE gel and then trans-
ferred to PVDF membrane. The subsequent experi-
mental protocol followed the instructions for primary
(PA1-16800, Invitrogen; 9145S, CST; 30835S, CST) and
secondary antibodies (YFSA02, YIFEIXUE Biotechnol-
ogy, China).

NBD-cholesterol uptake

NBD-cholesterol were purchased from SIGMA
(A2006133) and diluted to 2 pg/ml as working solution.
Adherent Caco2 cells were cultured in 10 pM diosgenin
and NBD-cholesterol for 4 h and rinsed with adequate
PBS three times. Hoechst 33342 (B2261, Sigma, Ger-
many) was used for nuclear staining. For ex vivo model,
9 mice were fed with LD, LD-2DG or LD with ezetimibe
diet; and intestinal villi were collected and assayed fol-
lowing the established method [19]. In brief, the duode-
num was rinsed in cold PBS and digested with 30 mM
EDTA; then the villi were sorted using a 70uM filter.
The fluorescence images were processed by Image] soft-
ware to calculate the mean fluorescence intensity (MFI).
Images after splitting channels were selected the cell or
villus region according to the threshold algorithm, and
calculates the MFI based on the gray value and area.

Molecular docking

The docking procedure was performed with AutoDock
4.2.6 program. Lamarckian Genetic Algorithm was
applied for doing the conformation search. The 3D struc-
ture of STAT3 protein was gathered from RCSB Pro-
tein Data Bank (ID: 6tlc), and the structures of DG from
PubChem database (ID: 99474). Results are presented in
terms of binding energy (kcal/mol) and visualized by the
PyMOL program.

Dual-luciferase reporter assay

The NPC1L1 promoter sequences with the highest bind-
ing score with STAT3 on JASPAR were cloned into the
pmirGLO luciferase reporter plasmid. The vector was
transfected into 293T cells with Lipo3000 system. 24 h
after transfection, diosgenin was added into medium
and cultured with another 24 h until the cell was har-
vested. The Duo-Lite Luciferase Assay Kit (DD1205-01,
Vazyme, China) was used to detect relative luciferase
activity.
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Chromatin immune-precipitation assay (ChiIP)

The ChIP assay for Caco2 cells was performed with Sim-
pleChIP Assay Kit (#9005, Cell Signaling Technology) and
Stat3 Rabbit mAb (#12640, Cell Signaling Technology).
Micrococcal nuclease was applied to chromatin diges-
tion; for getting appropriate size chromatin fragments,
ultrasonic homogenizer was used with 30% intensity,
15 sets of 4 s pulses. The qPCR primers were designed
according NC_000007.14 (44542155-44542250). The
CHIP-Seq data of STAT3 was from published data [20].

RNA-seq and gut microbiota analysis

The cecal contents were collected for the 16S rRNA
sequencing. Sequencing and data analysis protocol were
described previously [21]. In brief, sequencing data was
obtained from Illumina miseq platform according to
standard protocols. Raw data were clustered into OTUs
(operational taxonomic unit) according to 97% similarity
and then compared with the database for species anno-
tation of OTUs. The raw data can be found on SRA (ID:
PRJNA922754 and PRJNA923121).

Statistics and figure

All data are expressed as the mean + standard error of the
mean (SEM). Significant differences were determined for
the values among 4 groups by ANOVA and LSD-t test
as post-hoc analysis. P <0.05 indicated a statistically sig-
nificant difference. Statistics were performed using SPSS
23.0. Differential gene enrichment for transcription fac-
tors was done through the online website (http://www.
licpathway.net/KnockTF/), genes with FDR<0.01 were
input. Figures in this article are drawn by Figdraw and
GraphPad Prism 8.

Results

Diosgenin (DG) prevented gallstone occurrence

and ameliorate hepatic lipids deposition

DG or ezetimibe in diet led to a slight but insignificant
decrease in body weight in mice (Fig. 1A and B). Gall-
stone formation in 100% of the mice fed with LD only. In
contrast, none gallstone (0%) formed in mice fed with LD
supplemented with either dose of DG (LD-1DG and LD-
2DG@) or ezetimibe (LD-EZM) (Fig. 1C).

Livers from mice in LD-1DG and LD-2DG groups
appeared to be ruddier than that from mice in LD groups
(Fig. 1D). The liver index did not differ between mice in
LD-DG and LD groups, but was lower in LD-EZM group
(Fig. 1E). HE staining showed more vacuoles in hepato-
cytes in the LD group than that in the rest groups. DG
or ezetimibe obviously alleviated pathological changes
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Fig. 1 Diosgenin (DG) prevented cholesterol gallstone formation and alleviated hepatic lipid deposition. A Changes in the body weights of the
mice fed with lithogenic diet (LD) during 8 weeks. B Body weight gain at 8 weeks. C Appearance of gallbladder in mice from LD, LD-1DG, LD-2DG
and LD-EZM groups. Gallstone formed in 100% of mice fed with LD, but none in mice fed with LD-1DG, LD-2DG or LD-EZM. D Appearance of liver. E
Ratio of liver to body weight. F Representative H&E staining of liver tissues from the four groups. G and H Hepatic total cholesterol and triglyceride
levels, respectively. Data are expressed as mean +SEM (n=10 in each group). *P <0.05, **P < 0.01, ***P <0.001, ****P <0.0001. LD: lithogenic diet;
LD-1DG: LD + 1% diosgenin; LD-2DG: LD + 2% diosgenin; LD-EZM: LD + ezetimibe

in liver tissues (Fig. 1F). Hepatic cholesterol levels sig-
nificantly decreased in both DG and ezetimibe groups
(Fig. 1G). Hepatic triglycerides were reduced only in the
DG groups (Fig. 1H).

Diosgenin decreased biliary cholesterol saturation

In LD-1DG and LD-2DG groups, the cholesterol con-
tent in the mouse gallbladder bile was significantly lower
(Fig. 2A). More prominent reduction was observed in
LD-EZM group. Both DG and ezetimibe reduced biliary

phospholipids levels to similar levels (Fig. 2B). The bile
acid level seemed not to be affected in LD-DG groups,
but increased in LD-EZM group (Fig. 2C). The choles-
terol saturation index (CSI) was significantly reduced to
be less than 1 in all three treatment groups (LD-1DG,
LD-2DG and LD-EZM) (Fig. 2D).

To compare the secretion of biliary cholesterol from
liver, common bile duct cannulation was performed to
collect fresh hepatic bile. DG did not change hepatic
bile secretion rate and ezetimibe slightly increased
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Fig. 2 The influence of diosgenin on biliary lipid composition. A-C
Biliary cholesterol, phospholipid and bile acid levels in each group,
respectively. D Cholesterol saturation index (CSI) in each group.
Data are expressed as mean + SEM (n=10 in each group in A-D).
*P<0.05, **P <0.01, ***P <0.001, ****P <0.0001. LD: lithogenic diet;
LD-1DG: LD + 1% diosgenin; LD-2DG: LD + 2% diosgenin; LD-EZM:
LD+ ezetimibe

hepatic bile secretion rate (results not shown). Choles-
terol concentration in fresh hepatic bile decreased dose-
dependently in LD-DG and LD-EZM groups, though the
difference was not statistically significant (Additional
file 1: Fig S1).

Diosgenin affects gene expression in cholesterol
metabolism in liver and small intestine

Hepatic low-density lipoprotein receptor (Ldlr) and
3-hydroxy-3-methylglutaryl-CoA  reductase (Hmgcr)
was prominently up-regulated in LD-1DG, LD-2DG
and LD-EZM groups compared with LD-only group
(Fig. 3A). Scavenger receptor class B, type 1 (Srb1), how-
ever, decreased in all three groups. The cannalicular cho-
lesterol transporters, ATP binding cassette subfamily G
member 5/8 (Abcg5/8) decreased. No significant changes

(See figure on next page.)
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were observed for genes involved in bile acid biosyn-
thesis in response to low dose DG (Fig. 3B). Cholesterol
7a-hydroxylase (Cyp7al) was slightly inhibited by high
dose DG and ezetimibe (Fig. 3B). No differences were
observed in genes involved in phospholipid secretion.

Niemann Pick C1 like 1 protein (NPCI1L1) is the key
transporter for cholesterol absorption in the intestine. Its
mRNA expression decreased in low DG group, though
not in high DG group (Fig. 3C). At the protein level, DG
dose dependently reduced the NPC1L1 proteins in proxi-
mal intestines from mice in both DG groups (Fig. 3D). To
further verify the inhibitory effect of on mouse Npcl/1
expression by high DG, we measured the mRNA and
protein levels in mice gavaged with high DG. The results
showed that DG reduced the transcription of Npclll
in small intestine (Fig. 3E) as well as its protein level
(Fig. 3F). To reduce the detection error, another 3 pairs of
primers targeting Npcl1ll gene were designed. The repro-
ducible results could be obtained (Additional file 1: Fig.
S2).

In mice fed with DG and ezetimibe group, less absorp-
tion of NBD-cholesterol in their proximal intestine
mucosa was shown (Fig. 3G). This indicating an inhibi-
tion of intestinal cholesterol absorption in mice fed with
DG. In supporting, feces from mice in LD-1DG/LD-2DG
and LD-EZM groups all showed increase cholesterol
content (Fig. 3H).

Diosgenin inhibited cholesterol absorption in Caco2 cells
by reduced NPC1L1

To further investigated the mechanism of inhibition
on cholesterol by DG, we treated the Caco2 cells with/
without cholesterol. DG was shown to decrease Npcil/1
mRNA expression in Caco2 cells (Fig. 4A). Consistently,
the protein levels of NPC1L1 and cholesterol contents
in cells were lower under DG treatment especially under
cholesterol treatment (Fig. 4B, C). Using NBD-labeled
cholesterol, DG and ezetimibe was shown to inhibit cho-
lesterol uptake by Caco2 cells (Fig. 4D). Collectively, these
data indicated that DG inhibited cholesterol absorption
in intestinal cells by reducing expression of NPC1L1.

Fig. 3 Diosgenin influenced the mice gene expression and the protein involved in cholesterol metabolism. A mRNA expression of genes involved
in hepatic cholesterol metabolism. B mRNA expression of genes involved in hepatic bile acid and phospholipid metabolism. C mRNA expression
of genes involved in intestinal cholesterol transportation. D Protein level of NPC1L1 in the intestine in mice from LD, LD-1DG, LD-2DG groups.

The histogram shows gray value ratio of NPC1L1/B-ACTIN. E The mRNA expression of Npc1/1 in small intestine from DG gavaged mice. F The
protein level of NPC1L1 in the small intestine from DG gavaged mice. The gray value ratio was plotted on the side. G Fluorescence image showing
cholesterol uptake in ex-vivo intestinal villi from mice fed with LD diet, LD+ diosgenin diet or LD diet+ ezetimibe. Mean fluorescence intensity
statistics are plotted on the side. H Cholesterol content in feces from mice in each group. Data are expressed as mean +SEM (n=10 in each group
in A, B;n=5ineach groupin E, F; n=3in each group in G). *P <0.05, **P <0.01, ***P <0.001, ***P <0.0001. LD: lithogenic diet; LD-1DG: LD+ 1%

diosgenin; LD-2DG: LD + 2% diosgenin; LD-EZM: LD + ezetimibe
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Fig. 4 Diosgenin inhibited cholesterol absorption in Caco2 cells. A mRNA expression of genes in Caco2 cells under diosgenin treatment. B
Cholesterol level in Caco2 treated with diosgenin or cholesterol. C Protein level of NPC1L1 in Caco? cell treated with diosgenin or cholesterol. The
gray value ratio was plotted on the side. D Fluorescence image of cholesterol uptake in Caco2 cells under NBD-cholesterol containing medium with
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per experiment). *P <0.05, **P <0.01, **P <0.001, ***P <0.0001
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Diosgenin decreases the expression of NPC1L1

by repressing the transcriptional activity of STAT3

To further explore how DG reduces NPC1L1 expression,
RNA-seq was performed in Caco2 cells treated with and
without DG. Gene expression difference showed distinct
differences between the two groups (Fig. 5A). KEGG
enrichment indicated enrichment of JAK/STAT signal-
ing pathway under DG treatment (Fig. 5B). Among the
810 genes with FDR<0.01 obtained by further screening,
over half (445/810) were target genes of STAT3 (Fig. 5C).
Molecular docking suggested the interaction between
DG and STAT3. The maximum predicted binding energy
of DG with STAT3 was —5.69 kcal/mol and one hydro-
gen bond formed at residue MET-660 in the active
pocket (Fig. 5D).

IL6 is an activator of STAT3 phosphorylation [22]. DG
treatment was shown to decrease the phosphorylation of
STAT3 proteins in Caco2 cells under basal condition and
under IL6 induction (Fig. 5E).

Then, we constructed dual-luciferase reporter gene
containing NPC1L1 promoter. STAT3 could apparently
induce the transcriptional activity of NPC1L1 promoter,
which could then be inhibited after adding DG (Fig. 5F).
Using publicly available CHIP-Seq database analysis [23],
enrichment peaks of STAT3 at the promoter region of
NPCI1L1 were identified (Fig. 5G). Furthermore, using
CHIP assay, we found enrichment of STAT3 binding at
NPCI1L1 promoter regions (Fig. 5H). We also confirmed
this phenomenon in vivo. Intestine samples from DG
gavaged mice were used to check its effect on STAT3 sig-
nal. DG decreased the phosphorylation of STAT3 as well
as the expression of c-Fos, a known downstream protein
of this signaling pathway (Fig. 51, J).

Diosgenin modified gut microbes

At last, we performed 16S RNA sequencing on ceceal
microbiota composition to monitor the any effect of DG
on modification of gut microbiota. DG showed a sepa-
rated pattern in microbiota in mice from LD-only on
principal co-ordinates analysis (PCoA). (Fig. 6A) The
three bacteria with the highest abundance at the phylum
level were Firmicutes, Bacteroidota and Desulfobacterota

(See figure on next page.)
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(Fig. 6B). At genus level, we found Desulfovibrionaceae
which belongs to Desulfobacterota phylum and was the
main genus in LD group, gradually decreased in LD-1DG,
LD-2DG, LD-EZM groups (Fig. 6C, D). Similarly, the Fir-
micutes/Bacteroidetes (F/B) ratios, a biomarker of gut—
microbe balance, were reduced in LD-1DG, LD-2DG,
LD-EZM (Fig. 6E). To demonstrate the significant influ-
ence of bacterial endotoxin on STAT3 signaling, mice
were intraperitoneal injected with LPS. As expected,
serum IL6 increased in LPS group (Fig. 6F), which subse-
quently led to the increase of STAT3 phosphorylation in
the small intestine, and the increase of NPC1L1 protein
accordingly (Fig. 6G).

Discussion

In the present study, we found that DG decreased inci-
dence of cholesterol gallstone in mice by lowering
NPC1L1 expression to inhibit intestinal cholesterol
absorption (Fig. 7). This effect was achieved through
inhibiting phosphorylation of STAT3 mediated transcrip-
tional regulation of NPC1L1 expression in the intestinal
absorptive cells. Our results, for the first time, provided
evidences for DG to be a promising drug for preventing
cholesterol gallstone formation.

Clinical and experimental studies have found signifi-
cant relationship between intestinal cholesterol absorp-
tion and cholesterol gallstone formation [6, 24]. Targeted
inhibition of intestinal cholesterol absorption, e.g. using
ezetimibe, has been reported to reduce intestinal choles-
terol uptake and prevent gallstone formation [7], which
was also confirmed in the present study. In our study,
we found dietary DG intake could reduce serum choles-
terol levels due to its potential role in inhibiting intestinal
cholesterol absorption. Thus, DG was shown to provide
a novel way to prevent gallstone formation. Another way
to regulate intestinal cholesterol absorption is to mod-
ify bile acid composition and hydrophobic index of bile
acids, which are important determinant for cholesterol
containing micelle formation and intestinal absorption
[25]. Higher bile acid hydrophobicity promotes choles-
terol transport to villi [25, 26]. Knockout of cholesterol
12a-hydroxylase (Cyp8b1I) gene, one of the key enzymes

Fig. 5 STAT3 involved in the downregulation of NPC1L1 by diosgenin. A Heatmap show of differentially expressed genes found in RNA-Seq
between diosgenin treated Caco2 cells and the control cells. B Bubble chart of differentially expressed genes KEGG enrichment. C Venn diagram
demonstrated the intersections of genes between differentially expressed genes and STAT3 target genes. D Predicted 3D structures of STAT3 protein
in interaction with diosgenin. E The effect of IL6 and diosgenin on STAT3 phosphorylation. F The NPC1L1 promoter activity was measured by firefly
luciferase activity and normalized by renilla luciferase activity. STAT3 overexpression plasmid was induced to enhance the NPC1L1 promoter activity.
G Analysis of Chromatin immunoprecipitations (CHIP)-Seq data of STAT3 from published database. The peaks ahead of NPC1L1 RefSeq referrred to
enrichment of STAT3 target sequence. H CHIP assay was performed with IL6 treated in Caco? cells. The enriched DNA was quantified by real-time
PCR. Human c-Fos promoter was used as positive control. The result was represented as signal relative to the total amount of input chromatin and
adjusted by IgG group which was equivalent to one. I Intestinal STAT3 phosphorylation of DG gavage mice compared to control group by Western
blot. The gray value ratio was plotted on the side. J The mRNA expression of STAT3 downstream gene c-Fos in small intestine from DG gavage mice
compared to that from the control group. Data are expressed as mean + SEM (n=5 in each group). *P <0.05, ****P <0.0001
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in bile acid synthesis, could alter bile acid profile by low-
ering cholic acid production can inhibit intestinal choles-
terol absorption and prevent hypercholesterolemia and
gallstone formation [27]. In the present study, we found
no effects on bile acids by DG intake.

NPCI1L1 is presently considered as a key protein
for intestinal absorption of cholesterol. We found DG
inhibiting intestinal cholesterol absorption through its
transcriptionally regulation of NPC1L1 expression. So
far, the reported transcriptional regulator of NPC1L1



Shen et al. Journal of Biomedical Science (2023) 30:44 Page 11 of 14

Community barplot analysis
PCoA on OTU level
R=0.4571, P=0.001000
0. ow W Firmicutes
Y @ L0-106 Wi Bacteroidota
024 /@Lo-206 M Desulfobacterota
@Loezm LD Campilobacterota
ot e M Deferribacterota
L o L, Proteobacteria
= ° 4 °
g o ® M unclassified_k__norank_d__Bacteria
5 4 e L I Verrucomicrobiota
- ° ° LX) °
S 0o ® Wl Actinobacteriota
~
g on 6L Mothers
02 3
3
E
&
0.3
° GH
0.
02 0.1 01 02 03

PC1(35.52%)

Desulfovibrionaceae

(@)

wx
0.34 — £z
o

Q

¥ 1 v v v : ]

c 0.2 0 02 04 06 08 1

o Percent of community abundance on Phylum level

(4

-g O\ D Community barplot analysis

2 014
o) - Ml norank_{_Desulfovibrionaceae
< Minorank_{__Muribaculaceae

Ml Lachnospiraceae_NK4A136_group
unclassified_f__Lachnospiraceae
o
0.0 Ml Odoribacter
-0 T T T Heiicobacter
(<) (<) W Alloprevotella
Ny R 19  Colextribacter
Q Q Q' Mlnorank_{_Oscillospiraceae

Mllnorank_{__Lachnospiraceae

H Alistpes
> 6L Lachnoclostridium
34 * Ml norank_{_Ruminococcaceae

I Oscilibacter
IMlnorank_{_Eubacterium_coprostanoligenes_group.
Ml Desutfovibrio

Mudispirilum

Ml unclassified_k__norank_d__Bacteria
GH_ - II | I - o

W Manvinbryantia

W Blauta

Roseburia
Ml Akkermansia

WAz

Ml norank_f__norank_o__Rhodospirillales

I Candidatus_Arthromitus
Wothers

08 1

Samples

N
1

F/B ratio

-
1

° 02 04 06

Percent of community abundance on Genus level

0.8+

G
F NPC1L1

0.6

0.4+

0.2+

NPC1L1/ACTIN

T P-STAT3

0.0~

Control LPS

STAT3

=
o
1

(pg/ml)

Hekkek

IL-6 in serum

104 B-ACTIN

0 1 I
Control LPS

o
w
1

e
N
1

P-STAT3/STAT3

(<4
°
I

Control LPS
Fig. 6 Diosgenin altered gut microbes in mice. A Gut microbiota data of four groups were visualized by principal co-ordinates analysis. B
The bacterial composition of the four groups at the phylum level. C The abundance of Desulfovibrionaceae in the four groups. D The bacterial
composition of the four groups at the genus level. E Firmicutes/Bacteroidetes ratio of the four groups. F Serum IL6 in mice injected with LPS. G
Intestinal expression of protein levels of NPC1L1 and STAT3 phosphorylation in mice injected with LPS. The gray value ratio was plotted on the side.
Data are expressed as mean + SEM (n=7 in each group in A-E, n=5 in each group in F, G). *P <0.05, **P <0.01, ***P <0.0001. LD: lithogenic diet;
LD-1DG: LD + 1% diosgenin; LD-2DG: LD + 2% diosgenin; LD-EZM: LD + ezetimibe



(2023) 30:44

Shen et al. Journal of Biomedical Science

Cholesterol

Page 12 of 14

Diosgenin

“ <

STAT3

N\ANV

O

STAT3

Fig. 7 The schematic diagram showing the mechanism on DG prevent cholesterol gallstone formation by regulating intestinal NPC1L1 expression

included PPARa and LXR [28]. DG and its derivatives
are reported to inhibit the activation of STAT3 into its
phosphorylated form [29, 30]. Our work elaborated the
role of DG on NPCI1L1 transcriptional regulation by
STAT3. Luciferase reporter assay confirmed the abil-
ity of STAT3 to activating NPC1L1 gene transcription.
Using CHIP assay, the binding of STAT3 at the pro-
moter region of NPC1L1 gene was further confirmed
in consistent with data using CHIP-Seq database anal-
ysis [23]. The above conclusions have also been veri-
fied in animal model. In contrast, these regulations
could be inhibited by adding DG. STAT3 dimerized by
phosphorylation at Tyr705, bound with DNA through
SH2 domain, resulting in transcriptional activity [31].
According to the molecular docking, DG as ligand
bound to Met660 and obscured Tyr657 that is impor-
tant for transcriptional activity [32]. To our knowledge,
the present study for the first time provided evidences
for STAT3 as transcription factor for NPC1L1. Chen
et al. found activation of STAT3 promotes the expres-
sion of the cholesterol transporter ABCA1l in mac-
rophage [33]. Activation of ABCA1 also counteracts
STAT3 [34], which formed a positive feedback loop.

Since STAT3 was not constitutively activated under
physiological conditions, we only observed the inhibi-
tory phosphorylation of DG under the stimulation of
IL6. Lithogenic diet induced inflammatory responses
a could lead to elevation of IL6 and an activation of
STAT3. Both cholesterol and cholic acid were proven to
activate the JAK/STAT3 pathway [35, 36].

Gut microbiota may be another target of DG. We
showed significantly improvement of the alteration of gut
microbiota under lithogenic diet by DG. The decrease
of F/B ratio and the Desulfovibrionaceae may be the
two major features of the effect by DG. Gallstone, as a
metabolic disease, treated with therapeutic drugs might
reduce gut microbiota F/B ratio [10, 37]. Desulfovibrion-
aceae, is anaerobic, gram-negative bacterium, which uti-
lizes certain fatty acids or as carbon sources to reduce
sulfate to H,S. It was able to modulate bile acid profiles to
be more hydrophobic and promoting biliary cholesterol
secretion through H,S signal [26]. On the other hand,
Desulfovibrionaceae could produce endotoxins and pro-
inflammatory cytokines such as IL6 [38], a potent agonist
of the JAK/STAT3 pathway. Dysbiosis gives the intesti-
nal mucosa greater exposure to LPS, and subsequent IL6



Shen et al. Journal of Biomedical Science (2023) 30:44

and STAT3 activation may lead to increased cholesterol
absorption. In the context of increased STAT3 phospho-
rylation, DG therapy may be more effective, it suppressed
the scale of Desulfovibrionaceae and also may indirectly
down-regulate the STAT3/NPC1L1 pathway.

The processing of hepatic cholesterol into bile is a key
step in controlling the formation of gallstones. Down-
regulation of ABCG5/8 in response to hepatic choles-
terol pool alleviated cholesterol loading into bile and
decreased cholesterol saturation index of gallbladder
bile. Though CYP7A1, was reduced by DG in liver; while
CYP27A1 was up-regulated, the amount of bile acid
did not differ between group of mice. Lastly, as a com-
mon ingredient in the daily diet, long-term oral DG was
shown to be safe and tolerable. No mice in our study dis-
played any symptoms of organ damage.

Conclusion

Our present study proved that dietary supplement with
DG could prevent cholesterol gallstone formation in
mice. DG could inhibit phosphorylation of STAT3, in
turn, decreasing the expression of NPC1L1 at the tran-
scription level. Whether DG could be a promising drug
to prevent gallstone formation in human needs further
study.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512929-023-00933-3.

Additional file 1: Fig. S1. Cholesterol content in fresh bile of LD, LD-
1DG, LD-2DG and LD-EZM groups.LD: lithogenic diet; LD-1DG: LD + 1%
diosgenin; LD-2DG: LD + 2% diosgenin; LD-EZM: LD + ezetimibe. Fig. S2.
Intestinal Npc1/7 mRNA expression of DG gavaged mice measured with
another 3 different pairs of primers.. * P <0.05.

Acknowledgements

The study was supported by the National Natural Science Foundation of
China (No. 82070654) and The Featured Clinical Discipline Project of Shanghai
Pudong (PWYts2021—06).

Author contributions

SWY, SWT, WQH conducted major experiments and data analysis. JZY, HH,
GAH contributed to the design, results interpretation and the writing of the
manuscript. WB and ZG provided experimental technical help. All authors read
and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of
China (No. 82070654) and The Featured Clinical Discipline Project of Shanghai
Pudong (PWYts2021—06).

Availability of data and materials

The datasets generated during the current study are available in SRA reposi-
tory, ID: PRINA922754 and PRINA923121. (https://www.ncbi.nim.nih.gov/
bioproject/PRINA923121/); (https://www.ncbi.nlm.nih.gov/bioproject/PRINA
922754/).

Page 13 of 14

Declarations

Ethics approval and consent to participate

All study procedures were approved by the Animal Ethics Committee of
Shanghai East Hospital, School of Medicine, Tongji University, and performed
in strict compliance with the Guidelines for Care and Use of Laboratory Ani-
mals at School of Medicine, Tongji University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Center of Gallstone Disease, Shanghai East Hospital, and Institution of Gall-
stone Disease, School of Medicine, Tongji University, Shanghai, China. 2State
Key Laboratory of Reproductive Medicine, School of Public Health, Nanjing
Medical University, Nanjing, Jiangsu, China. 3Collaborative Innovation Center
for Cardiovascular Disease Translational Medicine, Center for Global Health,
Nanjing Medical University, Nanjing, Jiangsu, China.

Received: 10 February 2023 Accepted: 25 May 2023
Published online: 27 June 2023

References

1. European Association for the Study of the Liver. EASL clinical practice
guidelines on the prevention, diagnosis and treatment of gallstones. J
Hepatol. 2016;65(1):146-81.

2. Polychronidis G, Wang K, Lo CH, Wang L, He M, Knudsen MD, et al.
Gallstone disease and risk of conventional adenomas and serrated
polyps: a prospective study. Cancer Epidemiol Biomarkers Prev.
2021,30(12):2346-9.

3. SuZ GongY, Liang Z. Prevalence of gallstone in Mainland China: a
meta-analysis of cross-sectional studies. Clin Res Hepatol Gastroenterol.
2020;44(4):e69-71.

Lammert F, Gurusamy K, Ko CW, Miquel JF, Mendez-Sanchez N, Portincasa
P et al. Gallstones. Nat Rev Dis Primers. 2016;2:16024.

5. Rudling M, Laskar A, Straniero S. Gallbladder bile supersaturated with

cholesterol in gallstone patients preferentially develops from shortage of

bile acids. J Lipid Res. 2019;60(3):498-505.

Lopez-Reyes A, Clavijo-Cornejo D, Fernandez-Torres J, Medina-Luna D,

Estrada-Villasenor EG, Gomez-Quiroz LE, et al. Fast morphological gall-

bladder changes triggered by a hypercholesterolemic diet. Ann Hepatol.

2018;17(5):857-63.

7. Huang CS, Yu X, Fordstrom P, Choi K, Chung BC, Roh SH, et al. Cryo-EM
structures of NPC1L1 reveal mechanisms of cholesterol transport and
ezetimibe inhibition. Sci Adv. 2020;6(25): eabb1989.

8. Portincasa P, Wang DQ. Effect of inhibition of intestinal cholesterol
absorption on the prevention of cholesterol gallstone formation. Med
Chem. 2017;13(5):421-9.

9. SwarneE, Srikanth MS, Shreyas A, Desai S, Mehdi S, Gangadharappa HVY,
et al. Recent advances, novel targets and treatments for cholelithiasis; a
narrative review. Eur J Pharmacol. 2021;908: 174376.

10. Shen W, Wang Y, Shao W, Wang Q, Jiang Z, Hu H. Dietary plant ster-
ols prevented cholesterol gallstone formation in mice. Food Funct.
2021;12(23):11829-37.

11. Obidiegwu JE, Lyons JB, Chilaka CA. The dioscorea genus (Yam)-an
appraisal of nutritional and therapeutic potentials. Foods. 2020;9(9):1304.

12. Fan R, He W, FanY, XuW, XuW, Yan G, et al. Recent advances in chemical
synthesis, biocatalysis, and biological evaluation of diosgenin deriva-
tives—a review. Steroids. 2022;180: 108991.

13. LiX LiuS,QuL, ChenY,Yuan C, Qin A, et al. Dioscin and diosgenin:
Insights into their potential protective effects in cardiac diseases. J Eth-
nopharmacol. 2021;274: 114018.

14. Arya P, Kumar P. Diosgenin a steroidal compound: an emerging way to
cancer management. J Food Biochem. 2021;45(12): e14005.

o


https://doi.org/10.1186/s12929-023-00933-3
https://doi.org/10.1186/s12929-023-00933-3
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA923121/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA923121/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA922754/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA922754/

Shen et al. Journal of Biomedical Science

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

(2023) 30:44

Sun F,Yang X, Ma C, Zhang S, Yu L, Lu H, et al. The effects of diosgenin on
hypolipidemia and its underlying mechanism: a review. Diabetes Metab
Syndr Obes. 2021;14:4015-30.

Fang K, Wu F, Chen G, Dong H, Li J, Zhao Y, et al. Diosgenin ameliorates
palmitic acid-induced lipid accumulation via AMPK/ACC/CPT-1A and
SREBP-1c/FAS signaling pathways in LO2 cells. BMC Complement Altern
Med. 2019;19(1):255.

LiR, LiuY, ShiJ,YuY, Lu H, Yu L, et al. Diosgenin regulates cholesterol
metabolism in hypercholesterolemic rats by inhibiting NPC1L1 and
enhancing ABCG5 and ABCG8. Biochim Biophys Acta Mol Cell Biol Lipids.
2019;1864(8):1124-33.

Folch J, Lees M, Sloane Stanley GH. A simple method for the isola-

tion and purification of total lipides from animal tissues. J Biol Chem.
1957;226(1):497-509.

Chen L, Vasoya RP, Toke NH, Parthasarathy A, Luo S, Chiles E, et al. HNF4
regulates fatty acid oxidation and is required for renewal of intestinal
stem cells in mice. Gastroenterology. 2020;158(4):985-99.

McDaniel JM, Varley KE, Gertz J, Savic DS, Roberts BS, Bailey SK, et al.
Genomic regulation of invasion by STAT3 in triple negative breast cancer.
Oncotarget. 2017;8(5):8226-38.

Wang Q, Jiao L, He C, Sun H, Cai Q, Han T, et al. Alteration of gut micro-
biota in association with cholesterol gallstone formation in mice. BMC
Gastroenterol. 2017;17(1):74.

De Simone V, Franze E, Ronchetti G, Colantoni A, Fantini MC, Di Fusco

D, et al. Th17-type cytokines, IL-6 and TNF-alpha synergistically activate
STAT3 and NF-kB to promote colorectal cancer cell growth. Oncogene.
2015;34(27):3493-503.

Zheng R, Wan C, Mei S, Qin Q Wu Q, Sun H, et al. Cistrome Data Browser:
expanded datasets and new tools for gene regulatory analysis. Nucleic
Acids Res. 2019;47(D1):D729-35.

Ahmed O, Littmann K, Gustafsson U, Pramfalk C, Oorni K, Larsson L, et al.
Ezetimibe in combination with simvastatin reduces remnant cholesterol
without affecting biliary lipid concentrations in gallstone patients. J Am
Heart Assoc. 2018;7(24): e009876.

Marcus SN, Heaton KW. Intestinal transit, deoxycholic acid and

the cholesterol saturation of bile-three inter-related factors. Gut.
1986;27(5):550-8.

Hu H, Shao W, Liu Q, Liu N, Wang Q, Xu J, et al. Gut microbiota promotes
cholesterol gallstone formation by modulating bile acid composition and
biliary cholesterol secretion. Nat Commun. 2022;13(1):252.

Wang J, Gafvels M, Rudling M, Murphy C, Bjorkhem |, Einarsson C, et al.
Critical role of cholic acid for development of hypercholesterolemia

and gallstones in diabetic mice. Biochem Biophys Res Commun.
2006;342(4):1382-8.

Srivastava RAK, Cefalu AB, Srivastava NS, Averna M. NPC1L1T and ABCG5/8
induction explain synergistic fecal cholesterol excretion in ob/ob

mice co-treated with PPAR-alpha and LXR agonists. Mol Cell Biochem.
2020;473(1-2):247-62.

Liu YX, Xu BW, Niu XD, Chen YJ, Fu XQ, Wang XQ, et al. Inhibition of Src/
STAT3 signaling-mediated angiogenesis is involved in the anti-melanoma
effects of dioscin. Pharmacol Res. 2022;175: 105983.

Sikka S, Shanmugam MK, Siveen KS, Ong TH, Yang MH, Lee JH, et al. Dios-
genin attenuates tumor growth and metastasis in transgenic prostate
cancer mouse model by negatively regulating both NF-kappaB/STAT3
signaling cascades. Eur J Pharmacol. 2021;906: 174274.

Darnell JE Jr, Kerr IM, Stark GR. Jak-STAT pathways and transcriptional
activation in response to IFNs and other extracellular signaling proteins.
Science. 1994,264(5164):1415-21.

Alcantara-Montiel JC, Staines-Boone T, Lopez-Herrera G, Espinosa-Rosales
F, Espinosa-Padilla SE, Hernandez-Rivas R, et al. Functional characteriza-
tion of two new STAT3 mutations associated with hyper-IgE syndrome in
a Mexican cohort. Clin Genet. 2016;89(2):217-21.

Chen K, Zhao Z, Wang G, Zou J, Yu X, Zhang D, et al. Interleukin-5 pro-
motes ATP-binding cassette transporter A1 expression through miR-211/
JAK2/STAT3 pathways in THP-1-dervied macrophages. Acta Biochim
Biophys Sin). 2020;52(8):832-41.

Tang C, Houston BA, Storey C, LeBoeuf RC. Both STAT3 activation and
cholesterol efflux contribute to the anti-inflammatory effect of apoA-I/
ABCAT1 interaction in macrophages. J Lipid Res. 2016;57(5):848-57.

Yang L, Sun J, Li M, Long Y, Zhang D, Guo H, et al. Oxidized low-

density lipoprotein links hypercholesterolemia and bladder

Page 14 of 14

cancer aggressiveness by promoting cancer stemness. Cancer Res.
2021,81(22):5720-32.

36. Wang S, Dong W, Liu L, Xu M, Wang Y, Liu T, et al. Interplay between bile
acids and the gut microbiota promotes intestinal carcinogenesis. Mol
Carcinog. 2019;58(7):1155-67.

37. JinJ,Wang J,Cheng R, Ren'Y, Miao Z, Luo Y, et al. Orlistat and ezetimibe
could differently alleviate the high-fat diet-induced obesity phenotype
by modulating the gut microbiota. Front Microbiol. 2022;13: 908327.

38. Zhao Z,Ning J, Bao XQ, Shang M, Ma J, Li G, et al. Fecal microbiota
transplantation protects rotenone-induced Parkinson’s disease mice via
suppressing inflammation mediated by the lipopolysaccharide-TLR4
signaling pathway through the microbiota-gut-brain axis. Microbiome.
2021;9(1):226.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Dietary diosgenin transcriptionally down-regulated intestinal NPC1L1 expression to prevent cholesterol gallstone formation in mice
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Highlights 
	Introduction
	Materials and methods
	Animals and diets
	Lipid analysis
	Cell culture
	Total RNA extraction and gene expression determination
	Western blot
	NBD-cholesterol uptake
	Molecular docking
	Dual-luciferase reporter assay
	Chromatin immune-precipitation assay (ChIP)
	RNA-seq and gut microbiota analysis
	Statistics and figure

	Results
	Diosgenin (DG) prevented gallstone occurrence and ameliorate hepatic lipids deposition
	Diosgenin decreased biliary cholesterol saturation
	Diosgenin affects gene expression in cholesterol metabolism in liver and small intestine
	Diosgenin inhibited cholesterol absorption in Caco2 cells by reduced NPC1L1
	Diosgenin decreases the expression of NPC1L1 by repressing the transcriptional activity of STAT3
	Diosgenin modified gut microbes

	Discussion
	Conclusion
	Anchor 30
	Acknowledgements
	References


