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HIGHLIGHTS

« Hyperoside activates hepatic FXR,
thereby alleviating NAFLD in rats.

« Hyperoside inhibits hepatic ACLY
independently of FXR, working
synergistically with activated FXR to
suppress fatty acid synthesis.

« Hyperoside increases conjugated BAs
in rat ileum by by inhibiting BSH
bacteria.
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ABSTRACT

Introduction: Non-alcoholic fatty liver disease (NAFLD) is a multifactorial chronic condition that requires
a systematic approach for effective management. Multi-effect therapeutic drugs derived from traditional
Chinese medicine are increasingly being recognized as promising alternatives for NAFLD intervention.
Hyperoside, a natural flavone glycoside found in Cuscuta chinensis Lam, Forsythia suspensa, and
Crataegus pinnatifida Bge, has been shown to effectively mitigate NAFLD in rats. However, the underlying
mechanism through which hyperoside alleviates NAFLD remains unclear.

Objective: This study aims to explore the specific mechanisms by which hyperoside intervenes in the pro-
gression of NAFLD.

Methods: In this study, a high-fat diet was used to induce the NAFLD model in rats. An integrated anal-
ysis, including mass spectrometry-based lipidomics, TMT-based proteomics, 16S rRNA sequencing, and
bile acid-targeted metabolomics, was employed to identify significantly altered metabolites and proteins.
Western blotting, molecular docking, and isothermal titration calorimetry were conducted to analyze the
direct targets of action.

Results: The results indicate that hyperoside activates farnesoid X receptor (FXR), promoting fatty acid
oxidation and the efflux of bile acids from the liver. Additionally, hyperoside inhibits hepatic ATP citrate
lyase (ACLY) and works synergistically with activated FXR to suppress de novo lipogenesis. Hyperoside
also inhibits intestinal microbes linked to bile-salt hydrolase (BSH) activity, which enhances the
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production of ileal bile acids (BAs), particularly conjugated BAs, thus reducing the liver toxicity of

endogenous BAs.

Conclusion: Our findings suggest that hyperoside alleviates NAFLD by modulating fatty acid and bile acid
metabolism through FXR and ACLY, suggesting its potential as a multi-effect candidate drug for the treat-

ment of NAFLD.

© 2025 The Author(s). Published by Elsevier B.V. on behalf of Cairo University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Non-alcoholic fatty liver disease (NAFLD) is a prevalent chronic
hepatic disorder worldwide, characterized by the accumulation of
lipid droplets in more than 5 % of hepatocytes. It encompasses a
range of conditions, including nonalcoholic fatty liver, nonalcoholic
steatohepatitis, and fibrosis [1,2]. Over the past 20 years, the
understanding of NAFLD pathogenesis has evolved from the
“two-hit theory” to the “multiple-hit model”, which primarily
involves hepatic triglyceride accumulation, inflammatory cytoki-
nes, mitochondrial dysfunction, and widespread metabolic distur-
bances|3,4]. However, liver triglyceride accumulation is considered
the “initial trigger” [5,6]. Hepatic triglyceride levels are largely
influenced by the uptake of free fatty acids, de novo lipogenesis,
fatty acid oxidation, and VLDL secretion. NAFLD develops when
the liver fails to adequately compensate for the increased uptake
of circulating fatty acids and the de novo synthesis of lipids [7,8].
Due to the complex pathogenesis of NAFLD, only one pharmacolog-
ical treatment has been approved by FDA, underscoring the critical
need for discovering new multi-effect therapeutic approaches [9].

The farnesoid X receptor (FXR), a nuclear receptor, regulates of
bile acids (BAs), as well as lipid and glucose metabolism, and is
physiologically activated by BAs. Numerous studies suggest that
FXR activation may also alleviate hepatic fibrosis and inflammation
by modulating downstream target genes, thus exerting therapeutic
effects to NAFLD. For instance, the FXR activation can inhibit
CYP7A1, the key enzyme in BAs synthesis, both directly and indi-
rectly, thereby reducing BAs production. This decrease in BAs syn-
thesis mitigates the hepatotoxicity of endogenous BAs and
contributes to liver protection. However, interventions targeting
FXR are associated with significant side effects and poor efficacy
[10], including pruritus and disrupted cholesterol metabolism
[11,12]. Therefore, a single-target drug for treating NAFLD may
not be sufficient to reverse the entire disease process. As a result,
multi-effect drugs with various pharmacological mechanisms are
gradually becoming a research focus, as they are expected to
enhance efficacy and reduce adverse reactions, making them a
promising therapeutic option for NAFLD.

Traditional Chinese medicine (TCM) is widely recognized as a
complementary and alternative approach to managing NAFLD
[13,14]. Its extracts are considered promising candidates for
multi-target therapeutic agents that can prevent and treat NAFLD
by modulating various pathways, including inflammation, insulin
sensitivity, lipid metabolism, mitochondrial dysfunction, intestinal
microbiota, and autophagy [15-17]. The active ingredients of TCM
exhibit characteristics such as multi-targeting, multi-pathway
interactions, and low selectivity, offering significant advantages
in the intervening and treating NAFLD, which is characterized by
complex pathological mechanisms[18,19]. Numerous therapeutic
agents derived from TCM, such as silibinin, curcumin, and resvera-
trol, have been extensively studied for their diverse effects and tar-
gets[20,21]. Therefore, compounds from TCM have emerged as a
valuable source for discovering anti-NAFLD drugs.

Hyperoside, a natural flavonol glycoside found in several plants,
including Cuscuta chinensis Lam, Forsythia suspensa, and Crataegus
pinnatifida Bge, exhibits a broad range of biological activities[22].
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These include anticancer, antidepressant, anti-inflammatory,
antibacterial, hepatoprotective, and antiviral effects [23]. An acute
toxicity test of hyperoside revealed an LD50 greater than 5000 mg/
kg, indicating a low potential for toxicity in organisms [24]. In our
previous study, we were the first to demonstrate that hyperoside
effectively improves NAFLD by reversing steatosis [25]. However,
the molecular mechanism through which hyperoside combats
NAFLD remains to be fully understood. In present study, we sought
to elucidate the underlying mechanism by which hyperoside ame-
liorates NAFLD, utilizing an integrated TMT proteomics and lipido-
mics approach. Our findings show that hyperoside activates FXR,
promoting BAs efflux from the liver, inhibiting de novo lipogenesis,
and enhancing fatty acid oxidation. Furthermore, hyperoside sup-
presses hepatic ATP citrate lyase (ACLY), working in synergy with
activated FXR to inhibit de novo lipogenesis. Additionally, hyper-
oside can inhibit the activity of bile salt hydrolase bacteria, reduc-
ing the deconjugation of conjugated BAs. Our findings further
support the potential of hyperoside as a promising novel therapeu-
tic agent for the treatment of NAFLD.

Materials and methods animals and experimental protocol

For the experimental procedures, 10-week-old male Wistar rats
were procured Pengyue Experimental Animal Breeding (Jinan,
China). All animals were housed in the College of Pharmacy, Shan-
dong First Medical University (Jinan, China). The rats were sepa-
rately kept in ventilated squirrel cages with controlled
environmental conditions (humidity 60 + 5 %, 22 + 2°C, and a 12-
h light/dark cycle). They were provided with either a basic diet
(Control group) or a specific high-fat diet (HFD, model group;
TROPHIC Animal Feed High-Tech, Nanjing, China). The HFD com-
prised 66 % basic feed diet, 20 % lard, 12 % sucrose, and 2 % choles-
terol, and was stored at 4°C until use. Additionally, hyperoside
group received a high-fat diet mixed with hyperoside. Following
the final administration and anesthesia, and serum and liver sam-
ples were harvested and stored at —80°C for subsequent analysis.

Ethics statement

The animal study was approved by The Animal ethics commit-
tee of Shandong First Medical University(S6066) and conducted in
accordance with their principles.

16S rRNA gene sequences

The total genomic DNA was isolated using the OMEGA-Soil-
DNA-Kit (M5635-02) from Omega Bio-Tek, GA, USA. The purity
and yield of the DNA samples were examined by agarose gel elec-
trophoresis and NanoDrop 2000c spectrophotometer from
Thermo-Fisher-Scientific, MA, USA, respectively. To amplify the
16S rRNA gene V3-V4 region of the DNA samples, forward primer
338F (5'-ACTCCTACGGGGGGCAG-3’) and reverse primer 806R
(5'-GACTACHVGGGTWTCTAAT-3") were used. To enable multiplex
sequencing, the primers were incorporated with sample-specific 7-
bp barcodes. PCR was carried out as follows: 5 min at 98 °C, fol-
lowed by 25 cycles of 30 s at 98 °C, 30 s at 53 °C, and 45 s at
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72 °C, and then 5 min at 72 °C. The PCR product was purified and
used for library construction. The constructed libraries underwent
quality testing and were subjected to high-throughput sequencing
on the Illumina NovaSeq platform using the NovaSeq-6000-SP-
Reagent-Kit (500 cycles) at Metabo-Profile Biotechnology (Shang-
hai, China). QIIME2 2019.4. was used to performe the microbial
bioinformatics analysis.

Intestinal BAs analysis

The quantitative analysis was performed based on a previous study
with some modifications [25]. Fecal samples weighing 10 mg were col-
lected and placed in Eppendorf Safe-Lock tubes. To these tubes, 25 mg
of pre-cooled grinding beads and 200 pL of an acetonitrile/methanol
solution (v/v = 8:2) containing 10 pL of internal standard were added.
The mixture was homogenized and centrifuged at 13,500 rpm for
20 min at 4 °C using a Microfuge 20R (Beckman Coulter, IN, USA). Sub-
sequently, 10 pL of the supernatant was isolated and diluted with
90 pL of a 1:1 mixture of ultrapure water and acetonitrile/methanol
(v/v = 8:2). Following oscillation and centrifugation, and the prepared
samples were ready for detection (injection volume = 5 pL). For quan-
titation of the BAs, an Ultra-performance liquid chromatography/-
tandem mass spectrometry (UPLC-MS/MS) system (ACQUITY UPLC-
Xevo TQ-S, Waters Corp., MA, USA) was employed. The analytical col-
umn used was an ACQUITY UPLC Cortecs C18 with a particle size of 1.6
and a column temperature of 30 °C. Phase A contained water with for-
mic acid (pH = 3.25), and phase B contained a mixture of acetonitrile/
methanol (80:20). The gradient conditions were as follows: 5 % B (0-
1 min), 5-30 % B (1-3 min), 30-100 % B (3-15 min), 100-5 % B (15-
16 min), and 5 % B (16-17 min). The flow rate was set at 0.4 mL/
min, with an injection volume of 5.0 pL. The mass spectrometer was
operated under the following parameters: capillary voltage (Kv) = 2.0
(ESI-), source temperature = 150 °C, and desolvation temperature = 5
50 °C. The desolvation gas flow was set at 1000 L/Hr. The raw data col-
lected from the UPLC-MS/MS system were analyzed using QuanMET
software (v2.0, Metabo-Profile, Shanghai, China).

Serum lipidomics analysis

The serum samples (100 pL) were transferred to tubes and
mixed with 480 plL methanol: MTBE (1:5). The samples were vor-
texed for 60 s and then sonicated for 10 min in a 4°C water bath.
After incubating at —40C for 1 h, they were centrifuged at
3,000 rpm for 15 min at 4°C. The supernatant obtained was dried
in 37°C vacuum concentrator, followed by reconstitution in
100 pL methanol (50 %) in dichloromethane. The samples were
then vortexed for 30 s, sonicated for 10 min, and centrifuged
(12,000 rpm, 15 min, 4°C). The resulting supernatant (75 pL) was
taken for LC/MS analysis. For quality control, equal aliquots of
20 puL were taken from the supernatants of all samples and com-
bined into a single pool.

LC-MS/MS analysis was conducted using an UHPLC system
(1290, Agilent Technologies) coupled to a Kinetex C18 column
(1.7 pm, 2.1 x 100 mm, Phenomen). The mobile phase A contained
60 % acetonitrile, 40 % water, and 10 mmol/L ammonium formate,
while the mobile phase B was composed of 90 % isopropanol and
10 % acetonitrile, with the addition of 50 mL of 10 mmol/L ammo-
nium formate per 1000 mL of mixed solvent. The elution gradient
was as follows: 40 % B (0-1.5 min); 40 %-85 % B (1.5-10.5 min);
85 % B (10.5-14.0 min); 85 %-100 % B (14.0-14.1 min); 100 % B
(14.1-15.0 min); 100 %-40 % B (15.0-15.2 min); 40 % B (15.2-
18.0 min). The auto-sampler temperature, column temperature
and injection volume were 4 °C, 55 °C and 2.0 pL, respectively.

The detailed parameters for the Pro mass spectrometer during
full MS and MS/MS data collection were as follows: sheath gas
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flow = 12 L/min, sheath gas temperature = 350 °C; dry gas flow = 8
L/min; dry gas temperature = 325 °C; capillary voltages, +3.5 kV
and -3.5 kV for positive and negative modes, respectively. The exit
and entrance voltages of the drift tube were 250 V and 1,700 V,
respectively. Trap release and filling times were 150 ps and
20,000 ps, respectively. The maximum drift time was 60 ms, and
the mass range was from 100 to 1,700 Da. During frame 2, MS/
MS data acquisition was conducted using all ion fragmentation
(AIF) with a collision energy set at 30 V.

The raw data were converted to mzXML format with Pro-
teoWizard. Peak detection, extraction, alignment, and integration
were performed using the CentWave algorithm in XCMS, with
the cutoff of 0.6, for annotation. To identify lipids, spectral match-
ing was performed using the lipid IMMS library.

Hepatic TMT-based proteomics analysis

Liver tissue was lysed and homogenized using 200 pL of lysis
buffer. The homogenate was heated for 5 min, followed by ultra-
sound treatment, and heated again for 5 min. Liver protein speci-
mens were obtained by centrifugation at 16,000 rpm for 15 min
and quantified using a BCA Protein Assay Kit (Bio-Rad, USA).

Protein digestion (200 pg) was conducted following the FASP pro-
tocol. In brief, the detergent, DTT, and other low-molecular-weight
compounds were removed using 200 pL of UA buffer through
repeated ultrafiltration (Microcon units, 30 kD) facilitated by cen-
trifugation. After that, 100 pL of iodoacetamide (0.05 M) in UA buffer
was introduced to inhibit reduced cysteine residues, followed by
incubation for 20 min in the dark. The filter was rinsed three times
with UA buffer (100 pL) and twice with 25 mM NH4HCO5 (100 pL).
The protein suspension was then enzymatically digested overnight
at 37 °C with 4 pg of trypsin (Promega) in 40 pL of 25 mM NH4HCOs.
The concentration of the resulting peptides was measured using a
Nanodrop, with absorbance assessed at 280 nm.

Peptides were subjected to TMT labeling (Thermo-Fisher-
Scientific). Each aliquot (100 pg of peptides) was mixed with an
individual tube of TMT reagent. The peptide sample and TMT
reagent were dissolved in 100 pL of 0.05 M TEAB solution and
41 pL of anhydrous acetonitrile, respectively. After one hour of
incubation, 8 pL of 5 % hydroxylamine was added, and the mixture
was incubated for an additional 15 min. The multiplex-labeled
peptides were then combined and subjected to lyophilization.

The pierce high pH reversed phase peptide fractionation kit
(Thermo-Fisher-Scientific) was used to fractionate the multiplex-
labeled peptides. After conditioning the spin column, 100 pg of
TMT-labeled peptides was dissolved in 300 pL 0.1 % TFA solution.
The sample solution was loaded onto the spin column and cen-
trifuged at 3000 x g for 2 min. The eluate from this process was
retained as the “flowthrough” fraction. Similarly, the same proce-
dure was applied with Milli-Q water to collect the “wash” fraction.
To eliminate unreacted TMT reagent, the TMT-labeled peptides
underwent an additional column wash with 300 pL of 5 % CAN
and 0.1 % trimethylamine. The peptides were then collected, evap-
orated to dryness, and subsequently stroed at —80 °C.

The resulting LC-MS/MS raw data were processed using Max-
Quant software (v 1.6.0.16) for data interpretation and proteins
identification. The identification process involved searching
against the Uniprot_Hordeum-vulgare_201747-20180125 data-
base, which contains 201,747 protein sequences and was down-
loaded on 25/01/2018. The preliminary search was configured
with 6 ppm window for the precursor mass. The search utilized
the enzymatic cleavage rule of Trypsin/P and permitted up to
two potential missed cleavage sites. For fragment ions, a mass tol-
erance of 20 ppm was permitted. The modification set used for the
search included fixed modifications such as Carbamidomethyl (C),
TMT10plex (K), and TMT10plex (N-term). Additionally, variable
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modifications such as Oxidation(M) and Acetyl (Protein N-term)
were considered. For peptide and protein identification, a mini-
mum of 6 amino acids per peptide and at least one unique peptide
per protein were required. The false discovery rate (FDR) was 1 %
for both protein and peptide identification. Protein quantification
was conducted using TMT reporter ion intensity.

Western blot analysis

Liver and cell samples (20 mg) were lysed in RIPA lysis buffer
(Beyotime, China) containing 1 % protease inhibitor cocktail (Abmole,
USA). The total protein lysates were separated on 10 % SDS-PAGE gels
and subsequently transferred to PVDF membranes. These mem-
branes were incubated overnight at 4 °C with primary antibodies
specific to FXR (ABclonal), CD36 (ABclonal), ACLY (ABclonal), ACSL1
(ABclonal), FGF15(ABclonal), GAPDH (ABclonal). Following incuba-
tion with HRP-conjugated secondary antibodies (ABclonal), protein
bands were visualized using an ECL Plus immunoblot detection sys-
tem (Tanon 5200) and quantified with Image Jet software.

Statistics

Data quantification was performed blindly and presented as
mean * standard error of mean (SEM) utilizing GraphPad Prism
software (version 9.0). Two-tailed Student’s t test was used for
two group comparisons between two groups. For dataset with
more than two groups, one-way ANOVA was employed. A p-
value of less than 0.05 was deemed statistically significant.

Results

Hyperoside reduced hepatic lipid levels and maintained serum lipid
homeostasis in NAFLD rats

Male Wistar rats were subjected to two different diets for
8 weeks: a basic chow and a high-fat diet (HFD group). Within
the HFD group, half of the rats received hyperoside (Hyp) aqueous
solution at doses of 1.5 mg/kg and 3.0 mg/kg (HFD + Hyp 1.5 mg/kg
and HFD + Hyp 3.0 mg/kg). After 6 weeks, HE staining of liver tis-
sues from the model group revealed numerous vacuoles and irreg-
ular liver cell arrangements. Hyperoside treatment significantly
improved common hepatocyte hydropic degeneration and cell
swelling. Oil Red O staining of liver tissues indicated aggravated
lipid deposition in the HFD group, while hyperoside treatment
remarkably reduced the number of lipid droplets, as shown in
Fig. 1A-B. HFD rats exhibited significant increases in liver total
cholesterol (TC), triglycerides (TG), liver apolipoprotein C (Apo C),
Apo E, Apo B, liver very low-density lipoprotein (VLDL), as well
as elevated serum levels of Apo C, Apo B, Apo E, and liver VLDL.
Serum VLDL was also significantly increased in HFD rats, whereas
serum and liver Apo A were significantly decreased. However,
serum TC in the HFD group did not significantly differ from the
Control group. Hyperoside administration significantly reduced
serum and hepatic TG levels and slightly decreased hepatic TC.
Moreover, hyperoside treatment markedly decreased elevated
levels of liver and serum Apo C, Apo B, Apo E, and VLDL induced
by the HFD. Hyperoside also effectively reversed the reduced levels
of serum and liver Apo A in the HFD group, as shown in Fig. 1C-D.

TMT-based proteomics revealed that hyperoside activated FXR,
promoting the secretion of BAs from the liver to the intestine

TMT-based proteomics was employed to explore the mecha-
nism by which hyperoside alleviates NAFLD. Liver tissue samples
from Control, HFD and hyperoside-treated groups were analyzed
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to identify protein biomarkers involved in hyperoside’s thera-
peutic effect on NAFLD. A total of 5786 proteins were identified,
all of which had quantitative information. Differentially
expressed proteins were identified based on a fold change of less
than 0.83 or greater than 1.2, and with a p-value of less than
0.05. Compared to the HFD group, the hyperoside-treated group
exhibited 18 upregulated proteins and 54 downregulated pro-
teins (Fig. 2A). KEGG analysis revealed that the upregulated pro-
teins significantly affected primary BA biosynthesis, taurine and
hypotaurine metabolism, the PPAR signaling pathway and others
(Fig. 2B). Downregulated proteins significantly affected the
MTOR signaling pathway, fatty acid metabolism, biosynthesis
of unsaturated FAs, and AMPK signaling pathway, among others.
Detailed information on enriched pathways is listed in Table S1.
Following hyperoside treatment, levels of sterol 12a-
hydroxylase (CYP8B1, cytochrome P450 family 8 subfamily B
polypeptide 1) were significantly increased, while ATP citrate
lyase (Acly) levels were significantly decreased. Consequently,
we further investigated hyperoside’s binding to FXR and exam-
ined BAs expression profiles post treatment. Hyperoside signifi-
cantly increased FXR protein expression in both liver and
intestines (Fig. 2D).

To confirm FXR as hyperoside’s direct target, isothermal titra-
tion calorimetry (ITC) and molecular docking experiments were
conducted. Hyperoside exhibited a significantly higher binding
affinity to FXR, with a dissociation constant (Ka) of 6.65e8 M,
as illustrated in the Fig. 2]. The molecular docking results indicated
stable hydrogen bonds between hyperoside and specific FXR
amino acid residues TRY366 and HIS444, with a binding energy
-7.5 kcal/mol (Fig. 2F). Molecular dynamics simulations further
assessed the stability of the FXR-hyperoside complex. The protein
RMSD fluctuated between 3.2 A and 3.6 A, stabilizing after 10 ns,
while the ligand RMSD remained within 1A post-10 ns, indicating
a stable conformation (Fig. 2G). RMSF analysis revealed interac-
tions in regions exhibiting fluctuations greater than 2A (Fig. 2H).
The radius of gyration (RG) remained within a 1 A fluctuation
throughout the simulation (Fig. 2I). Thus, the FXR-hyperoside com-
plex demonstrated strong binding and stability. Additionally,
HepG2 cells treated with TUDCA, an FXR inhibitor, showed a signif-
icant reduction in FXR protein expression, which hyperoside effec-
tively reversed, as shown in the Fig. 2E.

FXR activation inhibits BAs synthesis by decreasing CYP7A1
activity while promoting BAs efflux from the liver by increasing
BSEP expression. Key proteins involved in BAs synthesis and secre-
tion were analyzed using TMT proteomics. Results indicated no
significant changes in key enzymes such as CYP7A1 and CYP27A1
involved in BAs synthesis (Fig. 2C). Metabolomics analysis target-
ing BAs demonstrated hyperoside treatment reduced serum total
BAs concentrations, including unconjugated BAs. Levels of
HDCA + NorDCA » TaMCA - ACA » UDCA - 7-ketoLCA + aMCA + BM
CA » muroCA - CDCA ~ LCA, and 6-ketoLCA were all decreased
compared to the model group (Fig. 2K). These findings align with
previous studies showing hyperoside’s ability to reduce total and
unconjugated BAs levels in the liver and serum of NAFLD model
rats, thus mitigating the hepatotoxicity associated with unconju-
gated BAs. To further investigate BAs secretion post-FXR activation
by hyperoside, protein expression associated with BAs secretion
was analyzed using heat map analysis. Results indicated increased
expression of proteins responsible for BAs secretion, including
multidrug resistance-associated protein 4 (MRP4), recombinant
multidrug resistance protein 3 (MDR3), and bile salt export pump
(BSEP), following hyperoside administration (Fig. 3A). Western blot
assays confirmed that hyperoside significantly increased BSEP pro-
tein expression of BSEP (Fig. 3B). Moreover, BAs levels in intestinal
contents confirmed increased conjugated and total BAs levels post-
hyperoside intervention. Among the 45 detected BAs, 20 BAs,
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Fig. 1. Liver and Serum lipid lowering effects of hyperoside. A. Representative images of liver tissues stained with HE staining (x40). B. Representative images of liver tissues
stained with ORO staining (x40). C. Hyperoside reduced the liver and the serum TC, TG, and AopA. D. Hyperoside reduced the liver and the serum Aop/B/C/E and VLDL. n =9
individuals/group. Data were expressed as mean = SEM. Differences of data in rats were assessed by the One-way ANOVA test, respectively, *P < 0.05, **P < 0.01, ***P < 0.001.

including TCA, THDCA, GCA, GHDCA, GCDCA, and GDCA, were ele-
vated in the intestinal contents post-hyperoside intervention
(Fig. 3C-G). These results indicate that hyperoside, through FXR
activation, enhances BAs efflux from the liver rather than signifi-
cantly reducing BAs synthesis.

Hyperoside reversed the intestinal microbiota disorder in NAFLD rats

BAs metabolism is closely linked to gut microbiota. We aimed
to investigate whether hyperoside’s regulation of BAs is associated
with intestinal flora. To this end, we analyzed the effects of hyper-
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oside on gut microbiota using 16S rRNA gene sequence analysis.
Microbial samples were collected from the ileum of rats in the Con-
trol, HFD, and HFD + Hyp groups. Principal coordinates analysis
(PCoA) based on UniFrac distances revealed distinct clustering of
gut microbial communities among the groups. Hyperoside treat-
ment led to significant changes in the community structure of rat
fecal microbes, as shown in Fig. 4A. LEfSe analysis indicated com-
mon alterations in the abundances of different taxonomic levels,
as depicted in Fig. 4B, with an increased representation of the
Chloroplast class, MBAO8 order, and Streptophyta order. Con-
versely, the relative abundance of various taxa within the Pro-
teobacteria phylum, Chloroflexi phylum, Gammaproteobacteria
class, Flavobacteriia class, Anaerolineae class, Pasteurellales order,
Flavobacteriales order, MND1 order, Pseudomonadales order, and
Pasteurellaceae, Flavobacteriaceae, Enterococcaceae, Pseudomon-
adaceae, and Bacteroidaceae families, as well as the Aggregatibac-
ter, Faecalibacterium, Enterococcus, Bacteroides, and Pseudomonas
genera were reduced in the hyperoside- treated groups. Notably,
the reduced Enterococcus and Bacteroides genera are involved in
generating bile salt hydrolase (BSH), which deconjugates glycine-
or taurine-conjugated BAs to form unconjugated BAs. Additionally,
other BSH-producing genera such as Bacillus, Lactobacillus, Lacto-
coccus, Streptococcus, Bifidobacterium, and Clostridium, were also
diminished by hyperoside treatment in rats, as shown in Fig. 4E-H.
This decrease in BSH-positive bacteria was significant in both
rodents and humans. Simultaneously, we assessed BSH activity in
serum and found that hyperoside treatment reduced BSH activity
in the serum of NAFLD model rats (Fig. 4C). These findings suggest
that hyperoside inhibits BSH bacterial activity and decreases BSH
production, thereby preventing the breakdown of conjugated BAs
and increasing their levels in the organism.

Activation of FXR by hyperoside promotes fatty acid oxidation and de
nove lipogenesis

In addition to promoting the secretion of BAs from the liver to
the intestine, FXR activation also inhibits lipogenesis and promotes
fatty acids oxidation. We employed TMT-based proteomics to
investigate the expression of key proteins associated with the
SREBP1, fatty acid synthesis, and PPAR oxidation pathways. The
results indicated that.

hyperoside decreased the expression of proteins involved in
triglyceride synthesis and AMPK target proteins (Fig. 5A-B). Con-
versely, hyperoside increased the expression of proteins associated
with fatty acid decomposition and oxidation (Fig. 5C-D). The
downregulation of SCD1 and LIPIN1 may be related to FXR activa-
tion. Using Western Blot technology, we detected the levels of
SCD1, LIPIN1, and CPT1/2. The results were consistent with our
proteomics data, revealing that hyperoside significantly decreased
the protein expression of SCD1 and LIPIN1 while increasing CPT1/2
protein expression, as illustrated in Fig. 5E-G. These findings sug-
gest that hyperoside activates FXR, thereby reducing liver lipids
by inhibiting fatty acid and lipid synthesis while promoting fatty
acid oxidation. To determine if hyperoside’s inhibition of LIPIN1
also affects TG synthesis, we conducted LC-MS based lipidomics
assays to analyze serum TG levels. The OPLS-DA results showed
that the R2X, R2Y, and Q2 values were 0.594, 0.841, and 0.41, indi-
cating significant difference between the model group and the
hyperoside-treated group (data was not shown). Using a threshold
value of P < 0.05 and a fold change greater than 1.3, we identified
fifty-four lipids, comprising 11 upregulated and 43 downregulated
lipids, between the model and hyperoside treatment groups. After
hyperoside treatment, the serum levels of 18 TG, including
(18:3/18:2/16:0), (18:2/16:1/16:0), (18:2/18:2/14:0),
(18:2/16:0/16:0), (49:3), (17:1/17:1/17:1), (54:6), (47:2), (51:5),
(18:2/18:1/16:0), (18:1/18:1/16:0), (16:1/16:0/16:0), (45:2),
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(54:2), (48:0), (53:1), (56:7), and (47:3) in NAFLD rats were signif-
icantly decreased. Additionally, DG(18:2/16:1/0:0) and 11 MSDGs,
including (0-26:0/14:0), (0-26:1/14:0), (0-26:2/16:0), (O-
22:1/16:0), (0-28:3/16:0), (0-26:1/16:0), (0-27:0/16:0), (O-
11:0/24:0), (0-28:0/18:1), (0-28:0/17:0), and (0-26:1/18:1) in
NAFLD rats were also significantly elevated by hyperoside treat-
ment, the details are shown in Fig. 5H and Table.S1. These findings
demonstrate that hyperoside can inhibit the expression of LIPIN1
by activating FXR, thereby inhibiting TG synthesis and reducing
TG levels in the organism.

Hyperoside inhibits ACLY independently of FXR, thereby suppressing
fatty acid synthesis

In the TMT-based proteomic analysis, hyperoside significantly
downregulated the expression of ACLY, an essential enzyme that
bridges carbohydrate metabolism to lipid metabolism by convert-
ing citrate into acetyl-CoA for fatty acid and cholesterol biosynthe-
sis. To confirm whether ACLY is a direct target of hyperoside, we
employed molecular docking, ITC, WB, and other techniques. The
molecular docking results showed that stable hydrogen bonds
formed between hyperoside and the specific amino acid residues
of ACLY, including GLY380, AG378, GLY341, GLY342, THR353,
ALA280, MET278, and ALA310, with a binding energy —8.9 kcal/mol
(Fig. 6A). Molecular dynamics simulations were conducted to eval-
uate the interaction between ACLY and hyperoside. As shown in
Fig. 6B, the RMSD of the protein increased rapidly before 10 ns,
reaching a maximum value of 17.5 A, and then continued to
increase slowly between 10 ns and 60 ns before stabilizing after
60 ns. Meanwhile, the RMSD of the ligand followed a similar over-
all trend but remained relatively stable within 10 A. Analysis of the
protein’s RMSF revealed that it remained relatively stable up to the
VAL821 region, after which the fluctuations increased (PDB ID:
8G5D, which includes chains A, B, C, and D; the D chain was
selected for molecular docking) (Fig. 6C). The radius of gyration
(RG) was calculated with the protein as the primary structure
(Fig. 6D). Notably, the RG of the protein fluctuated significantly
before 25 ns but remained stable within 2 A between 25 ns and
100 ns, with the protein conformation stabilized. WB analysis also
confirmed that hyperoside downregulated hepatic ACLY expres-
sion levels. ITC analysis revealed that hyperoside exhibits a signif-
icantly higher binding affinity to ACLY, with a dissociation constant
(Ka) of 2.26e* M1, as illustrated in Fig. 6E. Additionally, hyperoside
suppressed ACLY expression in the liver and effectively attenuated
the palmitic acid-induced elevation of ACLY levels in AML12 cells.
(Fig. 6G). To further explore whether the inhibition of ACLY by
hyperoside is mediated by FXR activation, HepG2 and AML12 cell
lines were treated to GW4064, a pan-FXR agonist. The results in
Fig. 6G indicate that while GW4064 activated FXR in both cell lines,
it did not affect ACLY protein levels. Collectively, these findings
suggest that ACLY may be a direct target of hyperoside. ACLY is a
key enzyme in fatty acid synthesis and plays a crucial role in hep-
atic lipid accumulation, with free fatty acids being significant con-
tributors to this process. We determined the total fatty acid
content in the liver and found that hyperoside significantly
reduced this content. Additionally, high-resolution mass spectrom-
etry was used to quantify medium- and short-chain fatty acids in
the liver. The results indicated that hyperoside administration
decreased all 41 detected fatty acids (Fig. 6F), including 10
monounsaturated fatty acids (MUFAs), 14 saturated fatty acids
(SFAs),15 polyunsaturated fatty acids (PUFAs), and 2 trans unsatu-
rated fatty acids (TUFAs). Furthermore, the levels of MUFAs, PUFAs,
SFAs, and TUFAs were significantly reduced following hyperoside
treatment (Fig. 61). The one-way ANOVA test indicated that 16 fatty
acids were significantly decreased (P < 0.05 and FC > 1.2) in the
liver post- hyperoside treatment compared to the model group
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(Fig. 6]), including 8 SFAs(tetracosanoic acid, tricosanoic acid, doc-
osanoic acid, nonadecanoic acid, heptadecanoic acid, hene-
icosanoic acid, pentadecanoic acid, eicosanoic acid), 3 MUFAs
(12Z-Heneicosenoic acid, 13Z-Docosenoic acid, oleic acid), 4
PUFAs(arachidonic acid, docosahexaenoic acid DHA, alpha_Linole-
nic acid, 8,11,14_Eicosatrienoic acid), 1 TUFAs(10E-Nonadecenoic
acid). Consistent with the protein expression of SCD1, the rate-
limiting enzyme in monounsaturated fatty acid synthesis, hyper-
oside intervention decreased fatty acid synthesis. These results
suggest that hyperoside inhibits SCD1 activity through FXR activa-
tion and directly suppresses ACLY protein expression, working syn-
ergistically to inhibit fatty acid synthesis and reduce lipid
accumulation in the liver.

Discussion

Hyperoside has demonstrated a range of potent pharmacologi-
cal properties, including antidiabetic, antithrombotic, anti-
inflammatory, antifungal, antiviral, antioxidative, and hepatopro-
tective effects[26]. Our previous study was the first to show that
hyperoside treatment significantly reduces hepatic cholesterol
and triglyceride levels, which are linked to bile acid metabolism
[25]. In this study, hyperoside was found to reduce BAs levels, pro-
mote fatty acid oxidation, and decrease lipid synthesis by activat-
ing FXR. Additionally, it increased conjugated BAs by inhibiting the
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activity of intestinal BSH bacteria, inhibited ACLY protein activity,
and synergistically inhibited BAs and fatty acid synthesis with
FXR, thereby exerting an anti-NAFLD effect.

Numerous studies have substantiated the role of BAs metabo-
lism in NAFLD, highlighting its interaction with nuclear receptors
and subsequent modulation of TG and cholesterol homeostasis
[27,28]. In our study, hyperoside treatment significantly reduced
the BAs biosynthesis in the livers of rats afflicted with NAFLD,
thereby mitigating BAs induced hepatic toxicity [25]. In addition,
our observations indicate that hyperoside enhances excretion of
BAs from hepatic to intestinal. This effect is mediated by the upreg-
ulation of proteins such as BSEP, which consequently mitigates the
hepatic accumulation of BAs and lipids [29,30]. Intriguingly, pro-
teomic analysis utilizing TMT labeling revealed a significant upreg-
ulation in the expression of flavin-containing monooxygenase 5
(Fmo5), an enzyme involved in taurine synthesis[31], as well as
bile acid CoA: amino acid N-acyltransferase (BAAT) following
hyperoside treatment, suggesting that hyperoside also augments
the production of conjugated BAs by stimulating the activity of
both BAAT and Fmo5.

We observed notable differences in BAs metabolism between
humans and rodents. In humans, cholic and chenodeoxycholic
acids are the primary BAs, whereas rodents produce muricholic
acids due to alternative hydroxylation. Approximately half of the
BAs pool in mice consists of 6-hydroxylated muricholic acids,
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test, respectively, *P < 0.05, **P < 0.01.

which may mitigate the effects of hydrophobic BAs such as cholic
acid, chenodeoxycholic acid, and deoxycholic acid. Additionally,
the gut microbiota in both species further diversifies the BA spec-
trum, contributing to differences in secondary BAs [32,33].
Disruption of the enterohepatic circulation has a more pro-
nounced effect on cholesterol metabolism and LDL levels in
humans. The hydrophobicity of individual BAs influences bil-
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iary lipid secretion and fat absorption. BAs toxicity is primarily
linked to their hydrophobicity; for example, more hydrophilic
BAs like glycoursodeoxycholic acid, glycochenodeoxycholic
acid, and taurodeoxycholic acid are less toxic [34,35]. Hyper-
oside has been shown to promote the formation of conjugated
BAs, increasing their water solubility and reducing
hepatotoxicity.
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Mice primarily produce taurine conjugates of BAs, while
humans predominantly produce glycine conjugates, with some
taurine conjugates. In rats, hyperoside facilitates taurine conjuga-
tion of BAs, enhancing their hydrophilicity and reducing hepato-
toxicity [36]. However, further clinical data are needed to
determine whether hyperoside can similarly increase the level of
glycine-conjugated BAs in humans.

Previous studies have shown that intestinal microbes produce
BSH, an enzyme that catalyzes the conversion of conjugated BAs
into their unconjugated forms [37,38]. Our prior research has
shown that hyperoside increases the levels of conjugated BAs in
rat livers [25]. Previous studies have identified that diminished
BSH activity primarily results from a decreased relative abundance
of specific bacterial genera, including Lactobacillus, Bifidobacteria,
Bacillus, Streptococcus, Bacteroides, Clostridium, and Enterococcus
[28,39]. In our study, hyperoside treatment was linked to a reduced
relative abundance of the genera Bacteroides, Enterococcus, Lacto-
bacillus, Bifidobacteria, Bacillus, and Streptococcus genera in the
intestine. Moreover, hyperoside treatment significantly diminished
the levels of BSH in the intestinal tract of rats. Consequently, the
observed elevation of conjugated BAs in the liver and intestine fol-
lowing hyperoside administration may stem from a synergistic
reduction of BAAT activity in the liver coupled with a decrease in
intestinal bacterial BSH populations. Additionally, there is substan-
tial evidence indicating the toxicity of hydrophobic BAs; for
instance, increased exposure to these compounds can activate
necrosis and apoptosis pathways. In contrast, conjugated BAs are
more hydrophilic and exhibit lower cytotoxic effects compared to
their unconjugated counterparts. Hyperoside targets FXR to reduce
BAs synthesis, promote conjugated BAs synthesis, and inhibit their
degradation in the intestine, thereby increasing conjugated BAs
levels in NAFLD rats.

Traditionally, BAs have been identified as endogenous ligands
for FXR, playing a crucial role in regulating lipid metabolism and
aiding in the prevention and management of NAFLD [40,41].
Among reported FXR receptor BAs agonists, hyperoside increased
the intestinal levels of TCA, TDCA, TLCA, GCA, GDCA, CDCA, and
DCA in NAFLD rats. This elevation in BAs likely contributes to the
upregulated expression of FXR protein observed in the intestine
and liver [42-44]. In the current study, we noted an increase in
the levels of total conjugated BAs within the intestine following
hyperoside treatment, corroborating our previous findings that
hyperoside enhances the concentration of these BAs in the liver
of rats [25]. BAs function not only as signaling molecules but also
as endogenous ligands for FXR. When activated, intestinal FXR pro-
motes the production of fibroblast growth factor 15 (FGF15), which
interacts with other FGFs to initiate a cascade that ultimately
downregulates hepatic BAs synthesis from cholesterol [45] and
an increased level of FGF15 in the serum was also observed in
the hyperoside treatment group (Fig. 4D). The induction of intesti-
nal FXR by hyperoside may confer therapeutic benefits in NAFLD
by attenuating systemic inflammation and reducing hepatic glu-
cose production [46].

The activation of FXR is crucial in the regulation of BAs metabo-
lism and plays a significant role in NAFLD [47]. However, recent
clinical studies have revealed that FXR activation may also lead
to side effects, including elevated serum total cholesterol and
low-density lipoprotein cholesterol (LDL-c), which can result in
disruptions of cholesterol metabolism. Hence, the challenge of acti-
vating FXR to intervene in NAFLD while avoiding these side effects
has become a critical topic in this field. Importantly, ACLY is instru-
mental in the production of acetyl-CoA, which serves as a precur-
sor for cholesterol synthesis. In this study, we found that
hyperoside could directly inhibit ACLY, thereby reducing acetyl-
CoA and consequently decreasing cholesterol synthesis, in addition
to reducing the synthesis of fatty acids and lipids. Using metabolo-
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mics techniques, we confirmed that hyperoside could inhibit ACLY
and reduce the production of fatty acids, such as oleic acid, a major
component of triglycerides. Consequently, dual-target drugs that
act on both FXR and ACLY, as discussed in this study, could provide
new avenues for the development of NAFLD therapies.

Over the past 20 years, the theoretical hypothesis of NAFLD
pathogenesis has evolved from the “two-hit theory” to the
“multiple-hit model.” Liver TG accumulation is considered to be
the “initial trigger”[6]. Hepatic TG levels depend largely on the
uptake of free fatty acids, de novo lipogenesis, fatty acid oxidation,
and VLDL secretion. NAFLD develops when the liver fails to ade-
quately compensate for the increased uptake of circulating fatty
acids and the de novo synthesis of lipids [7,8,48,49,50]. Dietary car-
bohydrates are a significant source of fatty acid synthesis, as the
liver converts glucose into fatty acids through a process called de
novo lipogenesis. The initial step of this pathway is catalyzed by
ACLY, which converts citrate derived from the tricarboxylic acid
(TCA) cycle into cytosolic acetyl-CoA, a key precursor for de novo
lipogenesis [51]. Within hepatocytes, fatty acids can either
undergo oxidation or be re-esterified into glycerolipids and phos-
pholipids. Acyl-CoAs generated by ACSL1 in the mitochondrial
outer membrane are destined for B-oxidation by CPT1, CPT2, and
other enzymes[52]. Therefore, ACLY is crucial nodes in fatty acid
metabolism, and targeting ACLY to address fatty acid metabolism
disorders may lay the foundation for novel therapeutic strategies
to alleviate NAFLD [50,51]. In our experiments, hyperoside signifi-
cantly inhibited hepatic ACLY activity in rats, reducing the avail-
ability of citrate for FAs and cholesterol biosynthesis [53].
Furthermore, the activities of CPT1 and CPT2 exhibited a significant
increase, indicating the acceleration effect of hyperoside treatment
on B-oxidation. Our findings imply that hyperoside attenuates de
novo lipogenesis by suppressing FAs synthesis and enhancing the
B-oxidation of FAs.

In liver tissue, FAs from the plasma are incorporated into TG
[54]. Interestingly, in the current study, serum long chain fatty
acids levels were elevated in hyperoside-treated NAFLD rats,
despite the low levels of TG in the liver. To further investigate this
phenomenon, we evaluated the levels of CD36, a critical fatty acid
translocase, in both hepatic and intestinal tissues using TMT-based
proteomics analysis. The data revealed that hyperoside reduced
the expression of CD36 in the liver. Consequently, it appears that
hyperoside may diminish fatty acid uptake by modulating the
activity of fatty acid transport proteins. Hyperoside has a diverse
impact on NAFLD by not only inhibiting fatty acid absorption and
TG synthesis but also promoting fatty acid oxidation, reducing
fatty acid synthesis, and decreasing fatty acid transport. This mul-
tifaceted action plays a crucial role in alleviating NAFLD [55].

Lipin 1 plays a crucial role in regulating lipid metabolism in
hepatic cells by catalyzing the dephosphorylation of phosphatidic
acid to generate diacylglycerol. Ethanol exposure induces a marked
increase in lipin 1 expression, leading to enhanced PAP activity and
subsequent lipid accumulation in the livers of mice on an ethanol
diet [56-58]. Our lipidomic analysis revealed that hyperoside
treatment significantly reduced the serum concentrations of vari-
ous TG species. Notably, hepatic lipin 1 expression was decreased
in hyperoside-treated mice fed HFD, whereas DGAT1 levels
remained unchanged. These results suggest that hyperoside effec-
tively lowers hepatic lipin1 levels, thereby diminishing diacylglyc-
erol synthesis and reducing hepatic lipid deposition.

To further verify whether the inhibition of ACLY by hyperoside
is related to the activation of FXR, HepG2 and AML12 cell lines
were subjected to GW4064, a pan-FXR agonist, in an in vitro assay.
The findings revealed that while GW4064 activated FXR in both
cell lines, it did not alter ACLY protein levels. These findings sub-
stantiate the mechanism by which hyperoside mitigates NAFLD
in mice, which involves FXR activation and ACLY inhibition.
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Fig. 7. Proposed mechanism for Hyperoside alleviate NAFLD in rats. Hyperoside promoted BAs synthetic pathway by simultaneous activation of hepatic FXR and inhibition of
ACLY, accompanied by the inhibition of de novo lipogenesis, the promotion of fatty acid oxidation, and the facilitation of BA excretion. Hyperoside induced the accumulation

of conjugated BAs in ileum by inhibiting BSH bacteria.

Conclusions

In summary, Fig. 7 illustrates the multifaceted mechanism by
which hyperoside mitigates NAFLD, encompassing several key fac-
tors: (1) Hyperoside directly activates FXR, inhibiting de novo lipo-
genesis by suppressing SCD1 and SREBP1 and promoting fatty acid
oxidation. (2) Activation of FXR by hyperoside promotes the secre-
tion of BAs from the liver to the intestine, accompanied by a
reduced abundance of BSH-producing microbes, leading to an
increase in conjugated BAs. (3) Hyperoside inhibits the protein
activity of ACLY, working in conjunction with FXR to inhibit the
endogenous synthesis of fatty acids.

Despite the strengths of this study, several limitations remain.
After hyperoside inhibits ACLY, it is crucial to determine whether
there is a significant difference in the acetyl-CoA content between
mitochondria and the endoplasmic reticulum. Furthermore, eluci-
dating the specific mechanism by which hyperoside inhibits ACLY
to suppress fatty acid and cholesterol synthesis is essential. Addi-
tionally, the impact of hyperoside’s metabolic behavior as a flavo-
noid glycoside compound on drug efficacy within the organism
must be evaluated. Moreover, more clinical trials are required to
assess the potential long-term side effects of hyperoside.
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